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"Ohoh seppo Ilmarinen, takoja iän-ikuinen!
Aura kultainen kuvoa, hope’inen huolittele!
Sillä kynnät kyisen pellon, käärmehisen käännättelet."
"O, thou blacksmith, Ilmarinen, The eternal wonder-forger,
Forge thyself a golden plowshare, Forge the beam of shining
silver, Thou canst plow the ﬁeld of serpents, Plow the hissing
soil of Hisi."
-Kalevala†
†By Elias Lönnrot (1849), English translation by John Martin Crawford (1888)

Abstract
Nanoimprint lithography (NIL) is a novel but already a mature lithography technique.
In this thesis it is applied to the fabrication of nanophotonic devices using its main ad-
vantage: the fast production of sub-micron features in high volume in a cost-effective
way.
In this thesis, fabrication methods for conical metal structures for plasmonic appli-
cations and sub-wavelength grating based broad-band mirrors are presented. Conical
metal structures, nanocones, with plasmonic properties are interesting because they en-
able concentrating the energy of light in very tight spots resulting in very high local
intensities of electromagnetic energy. The nanocone formation process is studied with
several metals. Enhanced second harmonic generation using gold nanocones is pre-
sented. Bridged-nanocones are used to enhance Raman scattering from a dye solution.
The sub-wavelength grating mirror is an interesting structure for photonics because
it is very simple to fabricate and its reﬂectivity can be extended to the far infrared wave-
length range. It also has polarization dependent properties which are used in this thesis
to stabilize the output beam of infrared semiconductor disk laser.
NIL is shown to be useful a technique in the fabrication of nanophotonic devices in
the novel and rapidly growing ﬁeld of plasmonics and also in more traditional, but still
developing, semiconductor laser applications.
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Chapter 1
Introduction
In the history of mankind, the trend of development of tools has been towards both
extremes in size: larger and smaller. Nowadays we have cranes that can be used for in
building high skyscrapers such as Burj Khalifa in Dubai. Professor Richard Feynman
once said that ”There’s plenty of room at the bottom” [1]. This is very true as it has
become a commonplace to shape matter in nanometer-scale. This is nanotechnology†.
It might be claimed that nanotechnology is only nano-hype because there is nothing
fundamentally new that has not been around since the 60s or 70s. I truly see nanotech-
nology as a revolution because it has enabled not only scientists or researchers, but also
industry to control and shape matter in nanoscale for commercial products. In addition to
controlling matter, it is now feasible to control light in ways that have not been possible
before. This is nanophotonics.
Nanophotonics offers tools and technology for controlling and shaping electromag-
netic ﬁelds, in other words light, using structures which are often smaller in size than
the wavelengths of visible light. Light can be, for example, a coherent laser beam or in-
coherent sunlight. The sub-wavelength nature results in extraordinary optical properties
that are almost irrational compared to classical optics. For example, negative index of
refraction, which could enable the dream of many epic sagas, an invisibility cloak, has
become possible at least in theory but also in a limited form in laboratories.
The main driving force behind the development of nanotechnology is advanced lithog-
†The word ”nano” comes from the Greek word nanos and means a midget.
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Figure 1.1: The Lycurgus cup, which is from the 4th century AD [6]. It is located in the
British Museum. In the left picture the cup is illuminated from outside and in the right
the same cup is illuminated from the inside. The color difference is caused by metal
nanoparticles embedded in the glass. Reprinted with permission of the British Museum.
raphy techniques. Traditional photolithography is limited by the diffraction of light. Its
limits have been extended by using smaller wavelengths [2] and immersion lithogra-
phy [3].
To overcome these restrictions Chou et al. presented nanoimprint lithography (NIL)
based on molding in 1995 [4]. This NIL technique does not suffer from the limitations
caused by the wavelength of light. Instead, it is limited by the accuracy of the mechanical
systems and the properties of the materials used in the imprint process. Hua et al. have
demonstrated that NIL can reach even molecular scale resolution [5].
Plasmonics is a technology which refers to the interaction of light and the free elec-
trons of a conductor, e.g. metal. Light can be conﬁned into the surface of a metal as
a propagating surface plasmon polariton (SPP). Plasmons are currently a hot research
topic but mankind has been using them for a long time to make beautifully colored glass
(Fig. 1.1). Already the ancient Romans mastered the skill to color glass with metals in
the 1st century BC [7]. Therefore, plasmons are an old invention but the development of
nanotechnology has brought us the tools to control them.
2
Incentives
I started this work in 2005 when the Optoelectronics Research Centre had acquired a new
mask aligner with UV-nanoimprint lithography (UV-NIL) modules. My M.Sc. thesis
focused on the fabrication of metal structures using NIL. In that time we were learning
to use NIL to make nano-sized patterns, and any nanopattern on a wafer was a triumph.
My task was to test the fabrication of metallic nanostructures using NIL. The results
were promising and I was able to make metallic nanostructures over a large area.
When ORC started to invest in metrology equipment and nanophotonics became one
of the spearheads in TUT’s strategy, NIL-based research really started to move forward.
I started my PhD studies in 2006.
The ﬁrst goal of my PhD work was to combine metallic nanostructures with molec-
ular beam epitaxy (MBE) grown semiconductor quantum wells (QW) using plasmonics.
There were some promising results in high level scientiﬁc publications in this ﬁeld [8].
After a large collection of destroyed NIL stamps and semiconductor QW wafers we
concluded that by using our fabrication tools and methods this was not possible.
Luckily, I accidentally fabricated conical gold structures, nanocones, which were fas-
cinating from plasmonics point of view. By using nanocones, light can be concentrated
into tight spots in the tips of the nanocones. Nanocones were used in P1 to demonstrate
the enhancement of second-harmonic generation in the tips of the nanocones.
Our versatile process can also produce more complex structures. To demonstrate this,
we used bridged nanocones to enhance tip-enhanced Raman scattering (TERS) from dye
molecules in P4, which is discussed in detail in Chapter 5.1.
During testing of the nanocone formation in P2 we observed that germanium (Ge)
can be used to fabricate smooth structures. Ge is interesting because it is a dielectric
material with a high index of refraction in infrared wavelengths. We used these proper-
ties to design a guided-mode resonance mirror in P4. The polarization selectivity of the
mirror was used in stabilization of a semiconductor disk laser.
This thesis is combination of applications of plasmonic and photonic structures fab-
ricated by UV-NIL. It will give the reader an overview of plasmonics and detailed de-
scriptions of various aspects of nanofabrication. The theory of SHG and TERS and the
numerical methods used are discussed in a level relevant to the work done in this thesis.
3
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Chapter 2
Theoretical background
In this chapter the theoretical background of the thesis is discussed. Although the focus
of the thesis is mainly in applications it is essential to comprehend the theory. In many
cases physical insight is the key to tackle the problem, but usually the structures are too
complex to understand only with intuition. Therefore, simulations are needed to explore
the mechanisms behind the phenomena.
First, Maxwell’s equations are presented because they are the basis of understanding
almost all optical phenomena. The results and predictions of this elegant fundamental
theory affect our everyday life, providing tools for engineering cell phones and under-
standing the colors of the rainbow.
2.1 Fundamentals: Maxwell’s equations
James Clerk Maxwell presented his famous equations in 1861 [9] and they are consid-
ered to be central results of physics among Newton’s laws of motion, quantum mechanics
and Einstein’s theory of relativity. Oliver Heaviside later used vector analysis formal-
ism to describe Maxwell’s 20 original equations [10] and was able to present them in a
5
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compact form of the well-known vectorial equations
∇ ·D= ρ (2.1)
∇ ·B= 0 (2.2)
∇×E=−∂B
∂t
(2.3)
∇×H= J+ ∂D
∂t
(2.4)
where D is the electric displacement, E is the electric ﬁeld, H is the magnetic ﬁeld, B is
the magnetic ﬂux density, ρ the charge density and J the current density.
The ﬁelds are also connected to the other related physical magnitudes with the for-
mulas
D= ε0E+P= ε0E+ ε0χE (2.5)
H=
1
μ0μr
B (2.6)
where ε0 is the electric permittivity and μ0 is the magnetic permeability in vacuum re-
spectively. μr is the the relative permeability (= 1 for a nonmagnetic material). P is
the electric dipole moment per unit volume. Usually the relation between P and E is
expressed by dielectric susceptibility χ= εr−1, which describes how easily a dielectric
material polarizes in a response to an electric ﬁeld. εr is the relative permittivity.
Current density J is linked to the electric ﬁeld E via conductivity σ as
J= σE. (2.7)
Relative permittivity εr can be expressed in a complex form
εr = ε1+ iε2 = ε1+ i
σ
ωε0
(2.8)
where ε1 is real part of electric permittivity, ε2 is the imaginary part and ω is the angular
frequency. The index of refraction n can be deﬁned from the relative permittivity as
n =
√
εr = n0+ iκ. (2.9)
It describes the optical density of material. κ is the extinction coefﬁcient, which quanti-
ﬁes the absorption or gain of the electromagnetic (EM) ﬁeld in the medium.
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2.2 Nanophotonics
Nanophotonics is a large research ﬁeld, studying the peculiar properties of light and
light-matter interaction in nanostructures. In this section the basic concepts of diffrac-
tion, guided-mode resonance (GMR), plasmonics, nonlinear optics and Raman scattering
are introduced.
2.2.1 Guided-mode resonance
Guided-mode resonance is an optical phenomenon where a grating and a waveguide are
optically coupled, which dramatically alters the optical response of the grating [11, 12].
This can be seen as either high reﬂection or transmission of the grating. These spectral
features can be very narrow because of the resonant nature of the coupling. GMR type
phenomena were at ﬁrst observed by Wood et. al 1902 [13]. They are known as Wood’s
anomalies in optical gratings and were explained in 1965 by Hessel et al. [14] using
the term "guided complex waves supportable by the grating". The initiator of the new
GMR era was Prof. Robert Magnusson [15]. He and his colleagues proposed GMR to
be exploited in ﬁlters and reﬂectors.
Before going into details of the GMR, the basic concepts of diffraction gratings are
presented.
Diffraction in gratings
In grating diffraction, multiples of the grating vector are added to the wavevector of the
incident ﬁeld to produce the wavevector of the diffracted ﬁeld:
kxi+mG = kxd. (2.10)
Here kxi is the horizontal component of the wavevector of the incident ﬁeld, G = 2πΛ is
the grating vector and kxd is the horizontal component of the wavevector of the diffracted
ﬁeld and m ∈ Z is the diffraction order. This equation determines the directions where
the diffracted ﬁeld is directed as illustrated in Fig. 2.1. The length of the wavevector is
|kd|= |2πλ |.
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Figure 2.1: Diffraction in a transmission grating. The phase matching requirement
causes the length of the wavevector of the diffracted ﬁeld to fulﬁll Eq. 2.10.
Traditionally, gratings have been used for dividing a light beam into spectral compo-
nents. The diffraction equation can be derived from the phase-matching relation (2.10)
as
n1 sinθi−n2 sinθd = λ0Λ m (2.11)
where θi and θd are the angles of the incident and the diffracted ﬁelds, n1 and n2 are the
indices of refraction of the materials, λ0 is the wavelength of the incident ﬁeld in vacuum,
Λ is the period of the grating and m ∈ Z is the diffraction order. Every transmitted
wavelength diffracts to its own direction according to Eq. 2.11.
When Λ→ ∞ in Eq. 2.11, the equation reduces into Snell’s law, which describes
normal refraction at the boundary of two materials.
Gratings and guided-mode resonance
In guided-mode resonance a grating couples light to a leaky mode of a waveguide. This
only takes place at certain incident angles and wavelengths. The mode re-radiates out
from the waveguide while propagating and gradually dies out.
Propagation constant β describes how the phase and amplitude of light evolve in the
8
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propagation direction in an optical waveguide. It is deﬁned as
|β|= 2π
λ0
neff (2.12)
where λ0 is the wavelength in vacuum and neff is the so-called effective index of re-
fraction or modal index. In addition to the materials, it depends on the geometry of the
waveguide and is characteristic of each mode supported by the waveguide.
By using a grating on the waveguide it is possible to couple the incoming beam into
the waveguide. The coupling condition for the beam entering into the waveguide can be
expressed as
kti+mG = β (2.13)
where kti is the tangential component of the wave vector of the incident light beam. For
coupling the beam into the waveguide the incident angle should be
sinθi =
1
n1
(neff+m
λ0
Λ
) (2.14)
For the leaky mode the effective index of refraction can be deﬁned [16] as
neff = n′eff− in′′eff (2.15)
where n′eff is real part of the modal index of refraction and n
′′
eff the complex part of the
modal index. It can be shown that the connections between the spectral and spatial
bandwidths for efﬁcient coupling are [16]
ΔλFWHM = 2n′′e f fΛ (2.16)
ΔθFWHM = 2n′′e f f (2.17)
Eq. 2.16 fundamentally means that losses cause widening of the resonance peak which
is a common phenomenon. With dielectrics having low losses, sharp resonances can be
obtained, leading to narrow ﬁlter or reﬂector bandwidths.
GMR ﬁlters can be designed to work as reﬂectors [17] or narrow band ﬁlters [18]
by optimizing the structure. Usually the designed structures are polarization dependent
but they can also be designed to be polarization independent [19]. The grating can also
be designed to operate as a broadband reﬂector such as in P3. This can take place when
9
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Figure 2.2: Diffraction in a GMR grating. θi’ are the angles of the ith backward-
reﬂected wave.
several resonances together form a broad reﬂecting band. There are no clear rules of
thumb for the grating design, but the parameters of the grating structure must be opti-
mized using numerical methods described in Section 2.3.2 to achieve desired operation
taking into account fabrication limitations and material parameters.
2.2.2 Plasmonics
Although plasmonics is still quite an unknown branch of science for the public, it has
been studied for over 100 years. The biggest application of plasmonics along with glass
coloring is still the pregnancy test where pregnancy hormones trigger clustering of col-
loidal gold (Au) nanoparticles (NP), which leads to a change of color indicating preg-
nancy [20]. In the following a brief history of the ﬁrst steps of plasmonics is presented
and some milestones highlighted.
History
The very basis of plasmonics is Maxwell’s equations, as is the case for all electromag-
netism related areas of research. In 1899 Arnold Sommerfeld [21] studied the prop-
agation of the radio waves over a conducting surface, which was the ﬁrst theoretical
10
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formulation of plasmons.
In the year 1902 Robert W. Wood observed unexplained features in optical reﬂection
measurements of metallic gratings [13]. This observation was a key breakthrough for all
resonant phenomena in the gratings.
In 1904 J.C. Maxwell Garnett described the bright colors observed in metal-doped
glasses [22] which was a starting point to understanding of the particle plasmons in metal
nanoparticles. However, this phenomenon had been known and used in applications for
thousands of years (see Fig. 1.1).
In 1908 Gustav Mie studied the scattering of light in a colloidal metal particle so-
lution [23]. This phenomenon is still known as Mie scattering. Also electromagnetic
scattering by a homogeneous, isotropic sphere is called as Mie theory, although Alfred
Clebsch in 1863 was the ﬁrst to solve the elastic point source scattering problem of a
perfectly rigid sphere using potential functions [24].
In 1956 David Pines suggested that the anomalous energy loss of light in metal foils
was due to the excitation of conducting electrons creating plasma oscillation. He intro-
duced the term "plasmon" to describe "the quantum of elementary excitation associated
with this high-frequency collective motion" [25]. Two years later John Hopﬁeld intro-
duced the word "polariton" for the coupled oscillation of bound electrons and light in
transparent media [26].
In 1957 Rufus Ritchie suggested a theory that plasmon modes can exist on the sur-
faces of metal, which was the ﬁrst theoretical prediction of surface plasmons [27]. In
1968 Ritchie et al. described the anomalous optical behavior of metal gratings in terms
of surface plasmon resonances excited on the gratings [28]. In the same year another
invention was made by two groups. Kretchmann and Raether [29] and also Otto [30] in
another paper suggested a method for excitation of surface plasmons by a prism. Giving
an opportunity for researchers to study the phenomena, these two milestones can be said
to be the starting point for modern plasmonics.
In 1970 Kreibig and Zacharias compared the electrical and optical properties of gold
and silver in terms of surface plasmons for the ﬁrst time [31]. The term surface plasmon-
polariton (SPP) was introduced by Cunningham in 1974 to describe the measured oscil-
lating modes on doped semiconductors [32].
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Simultaneously, one of the biggest application areas of plasmonics was discovered
when Fleischmann et al. discovered that a roughened surface of a silver eletrode was
enhancing Raman scattering from pyridine [33]. At that time they did not understand the
mechanism to be related with plasmons but this lead to development of surface enhanced
Raman scattering (SERS) and later tip enhanced Raman scattering (TERS) which is also
related to the topic of this thesis.
Plasmons
What is a plasmon? The term gives a hint that it has something to do with plasma, and
the "-on"-ending refers to a separate particle or quantum. Fundamentally, a plasmon is a
charge density oscillation, i.e. an oscillation of a conductor’s electron plasma.
Plasmons can exist in metals, highly-doped semiconductors and other materials with
free electron gas [34]. The most common materials for plasmonics are the noble metals.
Bulk plasmons
The quasiparticles of electron gas oscillation in a lattice, such as in bulk metal, are called
bulk or volume plasmons. They are classically one-dimensional longitudinal oscillations
of a free electron gas in a lattice which has positive ion background of atom nuclei of
metal. They are excited by particle impact, which interferes with the free electron gas
and causes a longitudinal density wave. However, a recent letter claims that a bulk
plasmon does not have a purely longitudinal nature if it is treated as a 3D object [35].
Because of its longitudinal nature, a volume plasmon can not be excited by a trans-
verse electromagnetic wave such as a plane wave. Using the equation of motion for the
density ﬂuctuation in an electron gas, we can derive an equation for the plasma frequency
ωp as
ωp2 =
ne2
ε0m
(2.18)
where n is the electron density, e the unit charge of the electron, ε0 is the vacuum per-
mittivity and m the rest mass of the electron. This plasma frequency ωp can be seen in
metal thin ﬁlms as an energy loss when energetic incident electrons lose energy in the
multiples of ωp [36].
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Figure 2.3: a) The Kretschmann coupling method. b) The Otto coupling method. The
blue arrow presents a propagating surface plasmon on the metal surface.
Surface plasmon polaritons
Surface plasmon polaritons (SPPs) are the main concept of modern plasmonics. SPPs are
electromagnetic excitation modes which are propagating at the interface of a dielectric
and a conductor. The term "polariton" refers to the quasi-particle nature of the SPPs.
Generally a surface plasmon (SP) is an oscillation of conductor’s free electron plasma
caused by EM interference, for example by light or an energetic electron beam. A SPP is
speciﬁcally a photon coupled to the plasmon which is bound to the surface of the metal.
SPPs have both a transverse and longitudinal oscillation character.
In 1954 Ritchie et al. [27] investigated the loss spectra of low energy electron beams
in thin metallic ﬁlms. It was expected that there would have been losses at the energy
ωp because of the bulk plasmon excitation, but it turned out that the losses were at the
energy ωp/
√
2 as predicted by Eq. 2.19, which gives the plasmon frequency ωsp for the
SPP as
ωsp =
ωp√
1+ ε
(2.19)
where ε is the relative permittivity of the environment, typically air (ε= 1).
Coupling methods Two classical plasmon coupling methods are the Kretschmann
(Fig. 2.3a) and Otto conﬁgurations (Fig. 2.3b). They both use a prism, but in the
Kretschmann conﬁguration a metal layer is deposited on the prism’s glass surface. A
light beam enters the prism, hits the prism facet with metal in an angle larger than the
critical angle for total internal reﬂection, and an evanescent ﬁeld excites the propagating
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Figure 2.4: The principle of grating coupling. When the kx component is boosted with
the grating vector G and match the kSPP, light is coupled to the metal surface as a
surface plasmon polariton.
plasmon on the metal/air interface. In the Otto conﬁguration there is an air gap between
the metal ﬁlm and the prism surface. The separation must be less than λ for the evanes-
cent ﬁeld to excite the plasmon on the metal ﬁlm.
A more advanced coupling method is grating coupling. It is based on a fundamen-
tally the similar concept as described in Chapter 2.2.1 for the gratings on waveguides.
The wave vectors of the photon and the surface plasmon are matched and the light cou-
ples to the grating as a plasmon. Coupling takes place when the phase-matching, which
is similar to Eq. 2.13, is fulﬁlled:
kSPP = kx+mG (2.20)
where kSPP is the wave vector of the SPP, kx is the x-component of the wave vector of
the incident beam, G is the grating vector and m ∈Z. The length of kx can be tuned by
changing the angle of incidence θ.
A surface plasmon propagating on the surface of a metal can also be coupled back
to light by using a grating [37]. Eq. 2.20 can also be applied to understand the coupling
of the random surface roughness which offers a very large number of grating vectors.
Therefore, plasmons can scatter from a rough surface to light. This loss mechanism
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directly affects the propagation length of the plasmons. A smoother metal surface means
a longer propagation length and lifetime for the plasmon polariton.
One of the applications of SPPs is the surface plasmon resonance (SPR) biosensor
[38]. They are widely used in the detection of chemical and biological analytes. SPR
sensors are based on the prism coupling of SPs. The analyzed biosamples are dispensed
over the metal surface where the SPs are propagating. A light beam excites the SPs and
the reﬂected beam is detected as a function of the angle. The SPR excitation can be
seen as a dip in the reﬂectance at the certain angle. The dispensed samples change the
refractive index on the surface which leads to the shifting of the resonance peaks. The
EM ﬁeld on the metal surface is exponentially decaying, leading to a high sensitivity
near the surface.
Near ﬁeld excitation is used in near-ﬁeld scanning optical microscopy (NSOM, a.k.a.
SNOM) [39]. It is based on using a metal coated tip with a sub-wavelength aperture. The
tip is brought into contact with the metal surface and an evanescent near ﬁeld from the
tip excites the plasmon on the metal surface. By using leakage radiation, an image map
of the plasmons in the structure can be formed. The conﬁguration can also be arranged
so that the tip is coated with metal and an external laser beam is used to excite plasmons
via the tip. This conﬁguration is called apertureless SNOM.
Propagation The propagation length of surface plasmons is limited by two major fac-
tors: scattering and attenuation [40]. Normally the maximum plasmon propagation
length is only tens of micrometers at visible wavelengths, but with longer wavelengths,
e.g. at 1.5 μm, even 1 mm can be reached [41]. Metals have an imaginary part of the
dielectric function which means that there will always be losses. This is the main draw-
back for plasmonics in general. Moreover, scattering from defects couples plasmons
back to light and decreases the energy of the plasmons [42]. Therefore it is crucial to
have as smooth as possible metal surfaces when the propagation length is a critical issue.
Skin depth ls represents how deep the electric ﬁeld of the SPP penetrates into the
metal before decaying by a factor of 1/e. Skin depth can also be stated for the dielectric
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Figure 2.5: Dispesion relations for plasmons in a dielectric/metal interface. The dashed
line is the called light line for the metal/air interface and the dash-dot line is the light
line for the metal/dielectric interface.
side of interface. Singh et al. give the following equation for the skin depth [43]
ls =
√
2
σμω
(2.21)
where σ is the conductivity.
Skin depth reaches its minimum at the surface plasmon resonance wavelength [44].
For silver (Ag) and SiO2 it is 15 nm at the wavelength of 355 nm. For SPPs in general
the skin depth in the metal at longer wavelengths than the surface plasmon resonance is
∼20 nm. Skin depth describes how effectively light can be concentrated onto the surface
using plasmons.
Dispersion The dispersion relation for plasmons reveals how the optical parameters
are connected to each other in the system. For surface plasmons the following equation
can be derived using the Eq. 2.18 and εm = 1− (ωpω )2 (Drude model for lossless free
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electron gas):
kSPP =
ω
c
√
εmεd
εm+ εd
=
ω
c
√
(ω2−ω2p)εd
(1+ εd)ω2−ω2p
(2.22)
ωsp =
ωp√
1+ εair
(2.23)
where εair, εm and εd are the relative permittivities of the air, the metal and the dielectric.
Using Eq. 2.22 dispersion curves can be plotted as shown in Fig. 2.5. The dashed line
is the so-called light line. It shows that light cannot be coupled directly into plasmons
or vice versa, i.e. light cannot directly excite a plasmon on a perfectly smooth metal
surface due to the mismatch of the wave vector. The light line (dashed line) depicts the
maximum possible value for kx, which is reached when the angle of incidence θ is 90◦,
i.e. parallel to the surface. When the light tunnels through the metal to the metal/air
interface, kx can match the plasmon dispersion curve of the air/metal interface and the
coupling takes place.
The higher energy branch of the curve above ωp in Fig. 2.5 is the radiative mode,
called the Brewster mode, where the EM ﬁeld is light. The lower part below ωSP is
the area where the EM ﬁeld is a propagating plasmon. The Brewster mode is not a real
plasmon because it is not really a true surface wave, according to the electron plasma
model, due to the fact that the normal component of the wave is not purely imaginary
[45].
Particle plasmons
In metal particles the excited plasmons are called localized surface plasmons (LSP) and
they are conﬁned to the surface of the structure. The plasmon resonance in a metal
particle can be seen as a dipole oscillator which starts to follow the EM ﬁeld. The shape
and size of the metal particle have a strong inﬂuence on the wavelength of the plasmon
resonance which results a color change in a nanoparticle solution.
If metal nanoparticles are considered as spheres, the internal and scattered ﬁeld can
be expanded into spherical vector wave functions (Mie theory) [46]. The ﬁeld ampli-
tude follows the ﬁeld of a dipole and is proportional to r−3 close to the surface of the
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sphere. When the distance is greater than the wavelength of light, the ﬁeld strength is
proportional to r−1.
Using a quasi-static approximation [47], the polarizability αi of the metal nanoparti-
cle in the direction of an i-axis of an ellipsoid can be expressed as
αi =
4π
3
abc
εm− εe
εe+Ai(εm− εe) (2.24)
where εm and εe are the permittivities of the metal and the environment, Ai is the shape
or depolarization constant, and a, b and c are the half axes of the ellipsoid.
From the Eq. 2.24 we can see that the plasmon resonance in NP depends on the
environment, which also means that the plasmon resonance wavelength is different in
air and in liquid. A higher index of refraction of the environment leads to a red-shift of
the NP plasmon resonance. This can be exploited, for example, if the wavelength of the
laser used in the measurements needs to be tuned to the resonance wavelength.
The resonance condition of the nanoparticle is full-ﬁlled when the denominator of
the 2.24, |εe+Ai(εm− εe)|, is minimized. In the case of sphere (αi = 13) this takes place
when the real part is εm =−2εe.
In metal NPs, resonances are damped in different ways; radiation damping, ener-
getic relaxation and pure dephasing. Radiation damping refers to re-radiation of the EM
ﬁelds when the oscillating charge distribution radiates energy out from the NP. Energetic
relaxation imply ohmic losses in the metal. Also the excitation of electron-hole pairs
causes energetic relaxation when they decay by they own scattering mechanisms. Pure
dephasing is the elastic scattering of SPs themselves causes dephasing of oscillation with
the exciting the EM ﬁeld. The dephasing means that the phase difference between the
SP and exciting ﬁeld/scattered ﬁeld starts gradually to grow and eventually they cancel
each other. The dephasing can be caused by scattering on surfaces or by simple decay of
the collective mode due to inhomogeneous phase velocities caused by the spread of the
excitation energy or local inhomogeneity of the nanoparticles [48].
When an extinction spectrum is measured from a metal NP solution or array, po-
larization can be used to investigate the shape of the NPs. If the shape of the NP is
spherical, polarization will not have an effect on measured spectra. If the NPs are el-
liptical the plasmon resonance is blue-shifted when the polarization is along the short
ellipsoid axis and red-shifted when the polarization is along the long ellipsoid axis.
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When the metal NPs are very close to each other, the near-ﬁelds of the excited plas-
mon resonances can overlap and interference patterns are observed in the near-ﬁeld
scans [49]. When the separation of NPs increases enough, the modes will not over-
lap. Then a single NP can be considered as a single dipole and their collective radiation
can be seen as a fringes of the far-ﬁeld. Also sub-wavelength periodicity helps to avoid
diffraction, which can lead to energy losses in extinction measurements and complicate
the interpretation of the results.
Nanoantennas Elongated rod-like NPs can work as plasmonic nanoantennas (NA).
In practice they are similar to radio antennas but the radiation of the nanoantenna is
at visible or near-infrared regime [50] and the plasmon resonance is the source of the
radiation. A nanoantenna can be, for example, a rod-like or a bowtie-like dimer antenna
[51]. In the bowtie nanoantennas a strong local ﬁeld is created between the sharp edges
of triangular metal nanostructures.
NPs work well as nanoantennas because their extinction cross-section is very large,
even larger than their actual size. At the plasmon resonance the absorption is the most
efﬁcient. The resonances can also be sharp, which improves the efﬁciency of the nanoan-
tenna. This combined with efﬁcient ﬁeld-localization capabilities make them very inter-
esting for investigating nonlinear properties, such as two-photon excitation [52].
In nanoantennas an interesting phenomenon is Fano resonance. It is an asymmet-
ric resonance which arises from the coupling of dark and bright plasmon modes [53].
Bright modes in NPs are strongly radiative dipolar particle plasmon modes. In large
metal structures there are also multipole resonances, dark modes, which do not radi-
ate effectively. When these two kinds of modes couple, an asymmetric resonance is
observed [54], called a Fano resonance after Ugo Fano [55]. Fano resonances are ex-
tremely sensitive to changes in the environment, which makes them very interesting in
biological sensing applications.
An interesting aspect of plasmonic nanoantennas for this thesis is the lightning rod
effect [45, 56]. It is the same everyday phenomenon that makes lightning strike in ele-
vated metallic structures during thunderstorms, and it can be used to protect buildings
and electrical equipment. Because of the geometry, charges tend to accumulate to the
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tips or sharp corners. The increased surface density of charges at a geometrical singular-
ity causes high and very conﬁned EM ﬁeld localization. Coupling from the incident light
to the localized EM ﬁeld is strongest when the beam is polarized parallel to the tip axis
and hits the plasmon resonance of the metal NP, although coupling is very strong also out
of resonance. Experimental results related to the lightning-rod effect will be described
in Section 5.1.1 when the results of second-harmonic generation (SHG) in nanocones
are discussed.
2.2.3 Nonlinear optics
Nonlinear optics deals with higher order responses of light-matter interaction, which
become relevant when the intensity of light is high, i.e. the optical response depends on
the ﬁeld strength. In every day life this is rarely observed but with lasers this is a very
ordinary phenomenon. A common application of nonlinear optics is imaging. Third-
harmonic generation (THG) microscopy can be applied to image biological tissues [57].
Plasmonics is connected to the nonlinear optics by the fact that strong ﬁelds can be
locally produced by the plasmons and a strong nonlinear response is achieved. Metal
surfaces also possess intrinsic nonlinear properties and they can be further enhanced
using plasmonics [58].
Another important issue is sensitivity. Surface plasmons create strong ﬁelds and the
properties of plasmons are very sensitive to changes in the index of refraction. High local
ﬁelds alter these parameters nonlinearly and change the resonances in the structure. This
can be utilized in sensor applications.
The polarization of the material can be written as a power series
P= ε0[χ(1)E+χ(2)E2+χ(3)E3+ . . .] (2.25)
where χ(2) and χ(3) are second- and third-order harmonic nonlinear susceptibilities.
Second-harmonic generation
χ(n) component is the nth order harmonic component of the nonlinear response and its
components related to that term give rise to different nonlinear phenomena. χ(n) is a
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tensor and nonlinear optics is more or less studying the components of this very complex
matrix. Symmetry rules can be applied to eliminate some components and simplify the
structure of the tensor [59]. In practice this can be done with metallic nanoparticles in
arrays where the shape of the patterns breaks the symmetry of the pattern array. This can
be made with, for example, with L-shaped structures or other asymmetric nanopatterns.
Figure 2.6: A schematic for
the second-harmonic generation.
The black line is the ground state
and the dashed lines are virtual
states.
χ(2) is the ﬁrst nonlinear component in the opti-
cal response. The most common second order phe-
nomenon is the frequency doubling of light. It was
ﬁrst observed by Franken et al. 1961 [60] and it
can be seen as a repercussion of the demonstration
of the laser [61]. In this process two photons with
frequency ω are combined into one 2ω photon in
sum-frequency generation (SFG) in a nonlinear crys-
tal with a high power laser. This has been a com-
mon method to produce green laser light from the
near-infrared region because there has been a lack
of lasing materials at the green wavelengths [62].
Difference-frequency generation (DFG) can be used
to create longer wavelengths [63].
In this thesis SHG presented itself as emission
from the hot spots at the tips of the nanocones. As
mentioned in Section 2.2.2, nanocones can support
the lightning-rod effect and concentrate high local ﬁelds which are important for SHG.
Since SHG is a very sensitive process for local ﬁeld changes, it can be used in sensing.
Bautista et al. [64] used SHG in scanning a nanocone array fabricated by the author to
evaluate the quality of the structures.
2.2.4 Raman scattering
Raman scattering was found experimentally by a group lead by C. V. Raman collabo-
rating with K. S. Krishan [65] in 1928. Raman scattering takes place when a photon is
absorbed and emitted but a small fraction of the scattered light has a lower (or higher)
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energy than the original photon, i.e. the scattering is inelastic. This energy goes to the
vibration or rotation modes of the chemical bonds of the molecules. Every molecule
has different vibration modes, which creates a unique ﬁngerprint for every molecule,
enabling their identiﬁcation.
If the scattered photon has less energy than incident, scattering is called Stokes scat-
tering [66]. The incoming photon loses energy to the vibration or rotation modes of the
molecules. If a vibration mode is de-excited and gives energy to a scattered photon, the
process is called anti-Stokes scattering. Compared with normal ﬂuorescence, Raman
scattering is a much weaker process and anti-Stokes scattering is the weakest of them.
Raman scattering is not in general a resonant effect, i.e. it does not need speciﬁc
frequency to happen. Morover, Raman peaks have a constant separation from the excita-
tion peaks. This is caused by speciﬁc rotation and vibration energies. Raman scattering
scales linearly with the intensity of the incoming excitation beam, so powerful lasers
help to detect the Raman peaks. There is, however, a problem with powerful lasers and
biological samples; too much power damages them, especially in the green wavelength
range. One advantage of the nanocones presented in P4 is the fact that a longer wave-
length and less power can be used which means that the measurement is more gentle for
the sample molecules.
After the invention of the laser, Raman scattering has become a widely used tool
for chemists to identify chemical molecules. Raman peaks are very well documented
and their daily use is relatively straightforward. An especially interesting and important
practical application is the identiﬁcation of counterfeit of Scotch single malt whiskies
using Raman scattering [67].
SERS
Surface enhanced Raman scattering (SERS) is currently one of the biggest application
areas of plasmonics. It was noticed in 1977 that the Raman signal can be enhanced by
using Ag surfaces [68,69]. This was very exciting at that time because enhancing Raman
signal even more than 1010 times meant that extremely small concentrations could be
detected [70]. Even single molecules can now be measured [71].
Plasmons in metals can be used to produce very high local ﬁelds in the nanoscale.
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This tight localization of light is one important key of SERS. Traditionally this enhance-
ment has been done on a rough metal surface, typically on Ag or Au. According to
Kerker [72], the EM ﬁeld contribution to the total enhancement of the Raman signal R
can be expressed as
R ∝
|Eloc|4
|E0|4
(2.26)
where Eloc is the localized EM ﬁeld and E0 the incoming EM ﬁeld. This equation gives
directly an answer to why SERS is so important for the applications of Raman.
There is also another enhancement mechanism called chemical enhancement. Chem-
ical enhancement works by altering the adsorbate electronic states or creating new states
upon adsorption [73]. In practice this mechanism works simultaneously with the ﬁeld
enhancement in SERS systems.
The lightning rod effect described in Section 2.2.2, is also contributing to the en-
hancement of the Raman signal [74]. This effect is a geometrical factor which is wave-
length independent. For this reason sharp metal corners are beneﬁcial for SERS.
TERS
In tip-enhanced Raman scattering (TERS) strong local-ﬁeld are generated using sharp
metal tips where the ﬁeld concentrates similarly to the way charges concentrate to the
corners of a metal cage. The development of TERS started in 1985 by Germin et al. [75]
and it was further developed by Zenhausern et al. [76] and also Todd and Morris [77].
The ﬁrst real demonstration of locally conﬁned and enhanced Raman scattering were
done in 2000 [78–80].
In practice, the nanocones presented in this thesis are TERS tips that can be used as
probes or ﬁeld-enhancers as in publication P4. The lightning rod effect plays important
role in enhancing TERS in sharp metal tips, such as in the nanocones [81].
2.3 Simulation methods
In this section the simulation methods used in this work are presented in a level relevant
to this thesis. These methods are used in analysing and designing of the applications.
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Some practical issues related to these simulation methods are also presented.
2.3.1 Finite element method
Finite element method (FEM) was used to calculate the ﬁeld distribution in a nanocone
with a light beam (see Fig. 5.2b).
FEM is based on dividing the structure into smaller regions, i.e. an element grid, and
solving differential equations (PDE) to get a solution using these elements and applying
boundary conditions [82]. The solution is approximated by using piecewise polynomials.
For plasmonics and especially for nanocones and other sharp tips a problem of FEM
is that near the sharp edges of metal structures the element grid must be very dense. In
plasmonics every nanometer has a huge impact as the ﬁelds decay exponentially away
from the surface/edge. If the overall structure is several hundreds of nanometers large the
number of elements in the grid a very large and calculations are very heavy for a desktop
computer. Therefore, effective use of FEM needs very powerful multicore computer
with a large amount of memory or a cluster of computers.
The simulation in Fig. 5.2b) was carried out using axial symmetry to ease the simula-
tion. With a conical structure it was possible to change the 3D problem to a 2D problem.
Only one half of the cross-section of the nanocone is needed to simulate the structure
successfully. It was observed that even a nanometer change in the radius of curvature
increased hugely the electric ﬁeld density in the tip. Also in that scale accurate measure-
ment of the radius of curvature is very difﬁcult and can be only approximated roughly,
so these FEM simulations can only be used as guidelines on how the EM ﬁeld behaves
in the nanocones.
2.3.2 Fourier modal method
Fourier modal method (FMM), also called rigorous coupled-wave analysis (RCWA) or
differential method, is used widely to solve nanophotonic problems [83, 84]. It is well-
suited for periodic problems which are very common.
In FMM electric ﬁeld E, magnetic ﬁeld H, permittivity ε and magnetic permeability
μ are expanded in Fourier series. A plane-wave expansion of the ﬁeld is done before
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and after the grating structure and in the grating a Bloch wave presentation of the ﬁeld
is used. Then the ﬁelds are matched at the interfaces and ﬁnally calculated in the whole
system.
The FMM method was used to calculate and optimize the Ge grating structure pre-
sented in P3. FMM is an excellent tool for simulating this kind of grating structures.
2.3.3 Boundary element method
In P4 the boundary element method (BEM) [85], also known as the method of moments
(MoM), was applied to solve the local ﬁeld amplitude distribution in a bridged nanocone.
The basic idea of BEM is to use boundary conditions to ﬁt the boundary values of an
integral equation, which is a solution of the governing partial differential equation. This
methods suits surfaces for which the Green’s function [86] can be deﬁned.
When the volume of the structure is small or the structure is non-periodic the BEM
method can be more efﬁcient than the FEM. A mesh grid is needed only on the surface
of the simulated structure [87]. This is well-suited for plasmonics and nonlinear optics
where phenomena happen on the surfaces and interfaces.
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Nanolithography methods
Nanoimprint lithography can be seen as a result of the technological development that
started with Gutenberg’s printing press. However, printing itself is a much older inven-
tion. The earliest surviving evidence of printing dates back to 2200 BC when the Sume-
rians in Mesopotamia used blocks for printing patterns on the surfaces of bricks [88]. An
interesting detail related to this thesis is that there is evidence of printing in gold from
the 6th century BC in the areas of Greek and Turkey. Naturally, these objects of art did
not have anything to do with nanophotonics. However, these ideas have been developed
further and reinvented to solve problems with a different scale and purpose.
Industrial lithography as we understand it today started to develop in the 1960s when
the ﬁrst microchips emerged. In those days, the features were measured in micrometers
but they have since been replaced by nanometers.
In this chapter, the lithography methods used for realizing these nanostructures are
presented in detail. The main focus is in ultraviolet nanoimprint lithography (UV-NIL)
and its process ﬂow, but also other methods are presented, since the fundamental nature
of NIL is replication, instead of direct lithography. Therefore, NIL always needs other
lithography techniques for master mold fabrication as discussed in Section 3.1.1.
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Figure 3.1: The EVG620 lithography system which was used for NIL in this thesis.
3.1 UV Nanoimprint lithography
NIL is fundamentally similar what we used to do in sandpits as children; forming pat-
terns using preshaped molds. Instead of using plastic buckets, carefully designed stamps
are used to transfer the desired nanoscale patterns into the resist and further onto the
wafer. NIL can be divided into two branches: thermal NIL, which uses heat to harden
the resist to the shape of the stamp, and UV-NIL, where UV-radiation is used to harden
the polymer resist. NIL diverges by deﬁnition from nano- and microimprint, nanocast-
ing and molding techniques. The purpose of NIL is to lithographically make patterns
which are further transferred to the surface of the wafers, not to produce the ﬁnal shape
by itself.
NIL was introduced by Chou et al. in 1995 [4] and it was ﬁrst applied to magnetic
memory and transistor applications. The main advantage of NIL is that it can replicate
nanoscale patterns in a fast and relatively cheap way. It can be adapted to nanophotonic
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applications, such as distributed feedback lasers (DFB) [89,90], quantum dots arrays [91]
and nanoperforated SiN membranes for optical and mechanical ﬁltering [92].
The stamp can be either hard or soft, which has a large effect on the imprinting
process. Hard stamps can be made of, for example, silicon, SiO2 or nickel. A hard
stamp does not bend or conform to the shape of a defect, which makes it adamant with
dimensions but unforgiving to the cleanliness of the substrate. This means in practice
that any particle between the substrate and the stamp can cause severe distortion of the
patterns.
With soft stamps the polymer material is ﬂexible and it can bend to accommodate
external particles. The patterning fails locally but the overall imprint is of good quality.
3.1.1 Masters and stamps
Master molds for NIL are usually fabricated of silicon. Aluminum or silica can also be
used but silicon wafers are preferable due to their processability, endurance and price.
Especially in EBL silicon wafers are a natural choice because of their electrical conduc-
tivity, which makes the EBL step easier compared with non-conductive substrates, e.g.
silica wafers.
The most important factor that favors Si wafers is the availability of well-controlled
etching processes for silicon. NIL as a lithography technique can replicate extremely
small features, but master fabrication in a reasonable scale is tedious and expensive.
Very small trenches have been demonstrated using NIL but the size reduction has used a
processing trick [93, 94].
LIL was used in this thesis to fabricate gratings and hole arrays. These masters were
acquired from a commercial supplier when the wafer-scale pattern areas were needed.
Because of its interference nature, periodicity in LIL is usually accurate over the wafer-
area.
With EBL, pattern sizes are limited by the exposure time. This is a major problem
with optical measurements. Usually transmission or reﬂectance measurements need at
least 1 mm2 patterned areas due to the beam size of the laser, especially for collimated
beams. This is a limitation with commercial automatic measurement systems where the
beam size is ﬁxed and often quite large. However, EBL is still the best way to fabricate
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complex and functional structures.
The stamp material has changed in ORC from soft-PDMS (s-PDMS) to hard-PDMS
(h-PDMS) and ﬁnally to Ormostamp. At ORC was s-PDMS the ﬁrst material used to
produce patterns in a NIL process. But it soon became clear that it was not able to
produce grating structures because of s-PDMS linepairing, which takes place when two
grating lines collapse together [95]. In this case, h-PDMS was better if the aspect ratio
was around one. Ormostamp is still one step further in hardness of the stamp material. It
is a UV-cured material in contrast to h-PDMS which is thermally cured. This simpliﬁes
the fabrication of the stamp.
The masters are coated with perﬂuorodecyltrichlorosilane (FDTS) by vacuum evap-
oration to enhance antiadhesive properties, which is essential for h-PDMS stamps to
be released from the silicon master. Also in prolonged use it helps to keep the mas-
ter clean. Frequent cleaning in Panasolve (Dynasolve 211) is needed to remove PDMS
remnants [96]. The current stamp conﬁguration consists of a thick glass wafer, a PDMS
mattress, and a thin glass wafer with an Ormostamp-based nanopatterned layer. This
sandwich structure is ﬂexible but the pattern layer is still hard. The PDMS mattress
makes it ﬂexible and the thin glass wafer prevents elongation of the thin Ormostamp
layer. This kind of stamps are also durable compared with the old PDMS-based stamps.
The aspect ratio of the patterns is very important in the design of the master. The
depth of the pattern should not be larger than the linewidth because usually an aspect
ratio over one increases the risk of failure in imprinting. Especially h-PDMS has a
tendency that the grating lines peel off if the aspect ratio is larger than one. The most
usual case was that the resist was stuck to the stamp, peeling off from the substrate.
Another issue with the aspect ratio is the variation of the etching depth depend-
ing on the size of the etched structure, in other words aspect ratio dependent etching
(ARDE) [97]. This leads to problems when the master consists of patterns with different
linewidths. For example, with the structure in Fig. 3.2, the holes were etched deeper than
the bridge which caused problems in the etching of the bias layer (as explained in detail
in Section 3.1.2) since the bias was thicker in the bridge.
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Figure 3.2: A master mold with connected dots. This master was used to fabricate the
bridged cones presented in P4. The main idea of this master was to form a shallow
bridge between the two separate nanocones. The ridge part of the pattern is blocked up
early during evaporation and a shallow bridge is formed. The depth of the patterns is
65 – 70 nm.
3.1.2 Imprinting
An EVG620 mask aligner was used as the UV-NIL tool in this thesis (Fig. 3.1). It is an
optical lithography system with a NIL tool option installed. The system uses an i-line
(365 nm) halogen lamp for the exposure.
The UV-NIL system consists of a chuck that uses vacuum to attach the sample to
the holder and a vacuum ring which is used to create and maintain vacuum conditions
during imprinting. The stamp is attached to a stamp holder with vacuum and the stamp
holder orientation is ﬁne-tuned to compensate a possible wedge-shape of the stamp.
In the ﬁrst step, the stamp and the sample are loaded into the holders. A rough
alignment is done between the stamp and the sample by pins before the contact. The
stamp and the sample are in close contact but still the sample can be aligned if needed.
31
Chapter 3. Nanolithography methods
Figure 3.3: The NIL process ﬂow: 1. The master mold is fabricated using LIL or EBL
on a Si wafer. 2. The stamp is fabricated by casting. The PDMS is hardened and peeled
off from the master mold. 3. A NIL resist is dispensed over the wafer, usually by spin
coating. 4. The stamp is pressed to the surface of the wafer, the resist ﬁlls the pattern in
the stamp and UV exposure is used to harden the resist. Finally the stamp is peeled off.
5. The bias layer is removed by dry etching and the wafer is ready for further processing.
Small vacuum is applied inside a vacuum ring seal which contains the sample and the
stamp.
The vacuum is then adjusted to a desired pressure and the stamp and the sample are
brought into contact (see Fig. 3.3-4). These steps need some delay because it takes some
time for the resists to ﬁll the patterns in the stamp. Then UV light is used for hardening
the NIL resist. Three minutes with mr-UVCur and ﬁve minutes with Amonil resists are
enough. Previously an additional UV exposure was used in an UV-oven to guarantee
the hardening but it turned out to be redundant after the evolution of the overall process.
The stamp and the master are detached by bending the edge of the sample gently until
the stamp peels off from sample surface.
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Figure 3.4: A SEM micrograph of a nanoimprinted grating. The lowest picture presents
the grating immediately after nanoimprinting. The bias layer is visible at the bottom
of the grating as a rougher surface. The middle picture is after the bias etching with
O2 plasma. Fused silica wafer is exposed under the NIL resist and can be seen as a
smoother surface. The two ﬁrst pictures were taken with a secondary electron detector
(Inlens). The topmost picture represents the same grating after the bias etching but with
the EsB detector used in SEM imaging.
Residual layer
The biggest problem of NIL is the residual layer, i.e bias layer, which is always left at
the bottom of the imprinted pattern (see Fig. 3.3-4). After ﬁlling the pattern in the stamp,
the extra resist remains between the stamp and the surface of the wafer. A low viscosity
resist helps, but still the residual layer is always present in the imprinted structures.
Usually, after optical or e-beam lithography the bottom of the pattern is clean after the
development of the resist or only minor debris can be present and it can be usually
removed easily with a few seconds of O2 plasma.
The bias layer can be seen with a scanning electron microscope (SEM) or an atomic
force microscope (AFM). Usually the bias layer and NIL resist at the top of the nanoim-
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printed pattern are rougher than the substrate which can be seen in the middle and lowest
part of the Fig. 3.4. The smooth bottom surface in a SEM image taken with the Inlens
mode usually indicates that the bias layer has been fully etched. An energy and angle
selective backscatter detector (EsB) can be used to enhance material contrast in the SEM
imaging (see the topmost ﬁgure in Fig. 3.4). It makes easier to validate whether the bias
layer has been fully etched from the bottom. Especially the partially etched bias layer
can be seen easier with the EsB detector compared with the normal secondary electron
mode. AFM can also be used to evaluate the thickness of the bias layer after etching
provided that the original pattern depth is known. When the bias layer is fully etched
down to the surface of the wafer, the pattern is also very smooth (roughness Ra is less
than a nanometer) compared with the polymer surface. These methods can be used to
estimate the success of the bias layer etching.
To tackle with the residual layer, the spin coated resist layer must be matched to the
ﬁll factor of the patterns to minimize the the thickness of the extra resist which forms
the residual layer. The patterns in the master template must also be designed so that
the variations in the ﬁll factor are not too large. This would cause an inhomogeneous
residual layer thickness which means in practice that thin residual layer areas will be
overetched in the bias layer etching. This limits the complexity of the structures on the
same wafer.
Sparse and dense patterns have different bias layer thicknesses which leads to the
above described problems. This can be solved by inkjet coating of the resist unevenly
depending on the ﬁll factor like in Jet and Flash Lithography (J-FIL) [98] or by using
"capacity-equalized" masters, which utilize constant averaged depth regardless of pattern
density [99].
In the masters used in this thesis, the depths of the master templates varied locally
based on linewidths of the structures, therefore broad grating lines were usually deeper
than the narrow lines. This effect depends on the quality of the etch process of the
master manufacturing. The residual layer was removed by anisotropic dry etching after
NIL patterning, using a ﬂuorine-based plasma for the Amonil resist and an O2 plasma
for the mr-UVCur resist.
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3.1.3 Resists
Amonil resists (Amo GmbH) have traditionally been ORC’s backbone of NIL resists.
They are silicon hardened polymers which are quite etch resistant. For example, O2
plasma does not etch Amonil which makes it challenging in the development of process
recipes. In this case a ﬂuorine-based etch chemistry can be used to etch the residual layer
or a lift-off process to remove the etch mask layer. Wet chemical etchants or solvents
cannot remove UV-hardened Amonil resist from the wafer.
Currently the NIL resist used in ORC is mr-UVCur [100] from Micro Resist Tech-
nology GmbH. It has lower viscosity and better etching properties than Amonil resists.
This improves imprint quality and makes the process ﬂow easier. Especially etchability
with O2 plasma makes mr-UVCur a much better resist for the processes. The resist can
be removed with a short O2 plasma process which does not harm dielectrics, metal or
semiconductor surfaces. This helps to reduce etch remnants after the lithography step.
3.1.4 NIL and nanophotonics: practical aspects
Advantages
The main advantages of NIL are wavelength independence, fast replication of nanopat-
terns and repeatability. Diffraction is not a limiting factor of linewidth like in optical
lithography†. The speed of NIL enables the fabrication of nanostructures in the indus-
trial scale.
In the integrated circuit (IC) industry, size reduction has driven the manufactures to
utilize costly stepper systems which can cost millions of euros. These systems are cost-
effective only in large-volume mass production like in computer micro chips. A basic
NIL system is relatively cheap and replication is very fast if the system is optimized
for a standard processes in the production line. These aspects make NIL suitable for an
industrial-scale production tool in small and medium-sized enterprises, for example in
photonics.
†Although the linewidth of the optical lithography can be further reduced by using X-ray sources,
there are no materials available which could be used as a lens or mirror for the X-rays. This limits X-ray
lithography to a 1:1 shadow projection technique.
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From the point of view of plasmonics and R&D, NIL offers a fast replication method
even if one parameter, for example layer thickness, needs to be varied in a series of
samples. The stamp accurately maintains the dimensions of the patterns between the
samples if the process parameters are otherwise ﬁxed.
The biggest beneﬁt with NIL in an R&D environment can be achieved when it is used
as a secondary lithography technique. For example, an EBL system is used to make
prototypes and when the process is mature, NIL can be used for frequent lithography
processes. In this case NIL can greatly reduce the workload of the EBL system. These
features make NIL a strong candidate for next the generation lithography technique. NIL
can also be developed further to reach molecular dimensions.
Disadvantages
Unfortunately, NIL also has many disadvantages. The biggest drawback is master fabri-
cation. The development cycle is very long and time-consuming when the master molds
have to be fabricated separately. The path from an idea to a fabricated prototype device
becomes very long, even three or four months.
Usually in an R&D environment NIL’s main advantages become irrelevant and unex-
ploited, i.e. fast replication and repeatability, if there’s no EBL tool available in the lab.
Also NIL resists require extra processing steps compared to optical or e-beam lithogra-
phy.
NIL usually needs a ﬂat surface if the patterning is done on a wafer. Steps and holes
in the wafer can cause an uneven resist thickness after spin coating, which results in a
varying residual layer thickness over the wafer after imprinting. This could be avoided
by adding an extra processing step: planarization. Also higher reliefs above an otherwise
ﬂat wafer surface have a thinner resist layer after spin coating and during imprint more
force is directed to these higher areas, which results in the resist squeezing out of the
stamp pattern.
One major problem in pattern design is the variable ﬁll factor, since it determines
the amount of resist needed to ﬁll the patterns in the stamp. The extra resist forms the
bias layer and quantiﬁes its local thickness. The problem must be taken into account in
master design by designing structures with as equal ﬁll factor as possible. Nevertheless,
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it is not always possible, which causes problems when different pattern areas have non-
uniform bias layer thicknesses and some areas need more dry etching to remove the
residual layer. This leads to over-etching of the mask layer and a failure of the process,
which makes it difﬁcult to test different kinds of patterns, such as dots and gratings,
at the same time with a good pattern quality and yield. This can be avoided if a more
advanced resist dispensing method than spin coating is applied.
Figure 3.5: Sparse holes patterns
after NIL patterning. The period
of the array is 2 μm. The shape
has distorted and the diameter has
widened.
NIL also has problems with sparsely located
patterns, especially when the imprinted patterns
are holes, i.e. the stamp contains pillars. A soft
stamp material gets squeezed, the patterns widen
and the imprinted patterns become shallower and
misshaped (see Fig. 3.1.4). This problem was
encountered in the fabrication of sparse nanocone
samples for SHG scanning [64]. The used stamp
material was h-PDMS because Ormostamp had
some issues with ﬁlling the holes in the master.
Holes in the used master had 50, 100 and 150 nm
diameters and were organized in a square lattice
with 8 periods between 500 nm – 10 μm. With the
500 nm period, the 100 and 150 nm diameter im-
printed patterns were formed well but the diameter
of the holes was expanded by about 50 nm. The patterns with the 50 nm diameter were
not imprinted at all.
When the period of the lattice increased the imprint quality got worse. Especially,
the shape of the hole started to deteriorate. With 5 and 10 μm periods hardly any im-
printed patterns were visible. The reason for this was the squeezing of pillar patterns in
the stamp. A harder stamp material, such as Ormostamp or other, could solve this prob-
lem. The problems with Ormostamp could be solved by using different anti-adhesion
coatings. The used master was also a textbook example of the poor ﬁll factor design
because there were structures with the different diameters and periods at the same mas-
ter, which we attempted to be fabricated at once. Therefore, focusing on patterns with a
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single period at a time would be more a successful approach.
3.2 Electron beam lithography
Electron beam lithography (EBL), which was introduced in 1973 [101, 102], is based
on exposing a resist, usually polymethylmethacrylate (PMMA), with a narrow beam of
electrons which are accelerated using a high voltage. The exposed areas become soluble
(or non-soluble) and are removed after treatment with a developer. The strengths of EBL
are good resolution (<10 nm) and applicability to different scales. Its biggest drawback is
the slow speed of patterning. Therefore it is mostly used in R&D and in mask fabrication
for photolithography.
The diffraction limit is the ultimate limit to the resolution of the EBL, i.e. de Broglie’s
matter wavelength of the electron (5.4 pm at 50 kV), but in practice diffusion and scatter-
ing of the electrons in the resist are the limiting factors [103]. Moreover, electromagnetic
interferences are a source of external noise in the electron beam, and they can arise from
the electrical power network or from other devices located nearby the EBL system. It
has been demonstrated in 2011 that a 9 nm pitch resolution can be achieved [104] and
3 nm gaps between patterns are possible to fabricate reliably [105].
Note that the sample must be conductive to allow the electrons to ground. If an
insulating substrate is used, a thin layer of metal is needed on top of or under the EBL
resist.
3.3 Laser interference lithography
Laser interference lithography (LIL) is based on the interference of two or more laser
beams where the interference pattern exposes the resist on a wafer [106]. LIL is a very
powerful and cost-efﬁcient lithography technique in the fabrication of large area peri-
odic structures, such as gratings or arrays of holes. Many nanophotonic structures and
applications utilize this type of patterns.
On the other hand, the main disadvantage of LIL is the simplicity of the obtainable
structures. More complex patterns need other lithography techniques which allow more
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ﬂexibility, such as EBL.
The minimum period is, at least in our vendor’s system, limited to 180 nm. The
limiting factor is the used wavelength of light. The theoretical limit for the periodicity
of the pattern in LIL is λ/2 [107].
3.4 Other nanolithography methods
Many other nanolithography methods are available but they were not used in this thesis.
However, it is worth presenting some methods that are used in practice or are promising
for the future. These techniques belong to the International Technology Roadmap for
Semiconductors (ITRS) which forecasts development of semiconductor technology, e.g.
the linewidths in the integrated circuits (IC) [108].
A laser beam can be used as direct lithography tool. A focused beam is simply used
to write patterns to resists similarly to an e-beam. In this method, diffraction is a limiting
factor and the linewidths are limited by the used wavelength. However, this limitation
can be overcome by a nonlinear process called multiphoton absorption. This allows 3D
structures to be formed with sub-50 nm resolution [109].
Currently, immersion lithography dominates in the IC industry. The space between
the resist and the lens is ﬁlled with liquid, usually water, to improve the numerical aper-
ture. With this technique, 193 nm deep-UV systems have been extended to the 32 nm
node [110].
One strong candidate to achieve the 22 nm node and beyond [111] is extreme ultra-
violet lithography (EUV). These systems use 13.5 nm EUV light in the exposure. This
technique is under development in major companies and is extremely expensive.
Multiple electron-beam lithography is a promising technique to fabricate patterns in
the nanoscale. The basic idea is to use several hundreds or thousands of electron beams
simultaneously in the exposure [112]. However, mass-production requires even millions
of beams to be cost-effective in practice. This increases the complexity of the system and
the price becomes unreachable for small and medium-sized enterprises. The potential is
still vast and very active development is this ﬁeld is going on [113].
Focused ion beam (FIB) is very popular in R&D because it is quite a handy tool for
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making single or small arrays of nanopatterns or modifying the existing structures [114].
In FIB an ion beam (usually Ga, Ne or He) is used to sputter material from the surface
with a resolution of ∼5 nm [115]. These systems are usually integrated with a SEM
which enables in situ monitoring of the sputtering process. A major disadvantage of FIB
is of course the time consumption with large pattern areas which limits its applicability
in production, but it is still widely used in analysis, mask repair and sample preparation
for transmission electron microscopes (TEM) .
Directed self-assembly is one of the most promising ﬁelds in nanolithography [116].
Its fundamental idea is to use molecular structures or polymers without an external con-
troller guiding the direction of evolution. This can be achieved for example by crystal-
lization on a surface forming desired patterns, or molecules attaching to certain points
in a predeﬁned structure. The main advantages of directed self-assembly are the possi-
bility of large volume fabrication and speed. Controllability and stability are the main
challenges, along with the complexity of the processes.
In scanning probe lithography (SPL) a surface is manipulated with a scanning stylus
to form nanopatterns on it. This manipulation can be mechanical, e.g. scratching or
nano intendation, chemical, heating or electric [117]. Although SPL can operate in the
molecular level, it is still a relatively slow technique but the potential is high in atomic
scale nanopatterning.
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Fabrication of photonic structures
In this chapter the fabrication of photonic structures by the lift-off process is discussed
in general and in Chapter 4.3 the developed fabrication process of the conical metal
nanostructures, which are an essential part of this thesis, is reviewed in detail.
4.1 Lift-off process
In this thesis the lift-off process was mainly used in the fabrication of metal patterns. It
is very widely used in the industry and in R&D. Au nanopatterns were mainly fabricated
by the lift-off process because wet etching and plasma sputtering of Au turned out to
be difﬁcult with NIL patterned surfaces. Wet etching of Au with a KI:I2:H2O solution
is very fast, and it is hard to control the linewidth of the patterns due to the isotropic
nature of the etching process. Plasma sputtering would be another option, but it is more
damaging for the substrate than the lift-off process. Nevertheless, a plasma sputtering
system was not available in our facilities.
The basic concept of lift-off is to create vertical or even negative side-wall proﬁles
(see Fig. 4.1b) in a resist or other polymer which can be easily removed, for example,
by solvent. These proﬁles can be achieved by an image reversal process or by using a
negative resist in photolithography or by etching. In this thesis, dry etching by RIE was
used to form the lift-off structures.
In NIL processes polymers are used as sacriﬁcial layers under the NIL resist. Usu-
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Figure 4.1: A basic lift-off process ﬂow: a) The lift-off-structure formed: spinning of
the PMMA layer, evaporation of the Ge layer and ﬁnally NIL-patterning of the resist. b)
Etching through the layers to form the lift-off structure. c) Evaporation of the metal. d)
Lift-off in solvent to remove extra metal and the sacriﬁcial layer. Only metal patterns left
on the wafer.
ally PMMA [118] or polydimethylglutarimide (PMGI) [119] is used as sacriﬁcial layer.
PMMA is commonly known as acrylic glass. It is important to check that the solvent
used to dilute the NIL resist does not dissolve the underlying layer. This problem is
usually avoided by adding a thin metal layer between the polymer and the resist. Ger-
manium is widely used for this purpose. In addition, Ti, Ni, Cr and Al were tested but
there were problems with graininess and difﬁculties in the etching process. Especially
Al was found to produce deformed patterns after etching with SiCl4. Overall the best
performance was found with an intermediate layer made of Ge, which is very easy to
etch with ﬂuorine and chlorine-based chemistries.
In the beginning of my research a CHF3:Ar:O2 etch chemistry was used to etch
through the Ge layer because a similar CHF3:Ar based chemistry was used to etch the
bias layer with the Amonil resist. This approach had an advantage of synergy since
conditioning, i.e. driving the recipe in a RIE chamber before the actual etching of the
sample, was not needed. The purpose of conditioning is to remove residual gases from
the process chamber which affect the plasma chemistry and the etching results. Usually a
10 min conditioning is enough. With CHF3:Ar:O2 and CHF3:Ar the plasma chemistries
were similar enough and conditioning was not needed. However, after bias etching with
CHF3:Ar, chamber cleaning by O2 plasma was still needed to remove the etch residuals.
A SiCl4 based chemistry was also tested in etching Amonil bias and Ge layer. How-
ever, with a PMGI sacriﬁcial layer it caused problems by forming a layer of unknown
material on PMGI which did not etch properly with an O2 plasma. A clear reason for
this was not found but it must be related to the polymer forming due to SiCl4 with other
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etching residuals. Pure Cl2 was not available at that time.
With the mr-UVCur resist, O2 plasma was used in bias etching, which was a major
improvement compared to the Amonil resist. O2 plasma is milder for the chamber be-
cause it is frequently used to clean the chamber. Also the etched sample surface was
very clean after the bias etch step. Moreover, the mr-UVCur resist is easy to remove
from the wafer, which was difﬁcult with the Amonil resist. CHF3:Ar:O2 was still used
as a Ge etching gas until SF6 was installed to our system.
A pure SF6 based etching recipe was found to be very fast and clean for Ge etching
in the lift-off process. A 5 s etch time was found to be enough for a 20 nm Ge layer.
This combined with the mr-UVCur resist with O2 plasma turned out to be a perfect
combination for fast and reliable etching of the lift-off structure. It was also unforgiving
because the edges of the patterns did not round during the etching. With a CHF3:Ar
based etching a small imperfection in, for example, the hole shape could be smoothed
out by over-etching.
Etching through the sacriﬁcial layer was done by O2 plasma. The amount of undercut
could be controlled by changing the RF power or the chamber pressure in the RIE.
Especially in the nanocone fabrication process the amount of undercut becomes crucial.
Too much undercut in deep PMMA or PMGI etching can collapse the whole structure.
For these reasons 5 – 10 mTorr pressures were used in the lift-off etching with an RF
power of 10 – 150 W in order to keep the wall proﬁle vertical during the etching.
Development of the lift-off process
In this section a brief description of the developed lift-off process (see Fig. 4.1), which
has evolved during the years is given. Although, it is carried out with NIL patterning, it
can be easily applied to other patterning techniques.
In the beginning the substrate, which can be a Si, silica or other semiconductor wafer,
is cleaned thoroughly with acetone, methanol and isopropanol using ultrasonic agitation
followed by drying with a N2 blow. Then a PMMA layer, which is at least 50% thicker
than the planned metal layer, is spin coated over the wafer. Usually I have used a 100 nm
PMMA layer for all metal layers thinner than 70 nm. The PMMA is baked on a hotplate
at 170 ◦C for 90 seconds.
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Figure 4.2: Metallic propellers fabricated by the lift-off process.
Next, a 10 – 20 nm thick Ge layer, serving as an etch-stop layer, was deposited by
electron beam evaporation. This layer improves the controllability of the etching steps
and prevents intermixing of the UV-NIL and PMMA resist layers. A thin layer of mr-
UVCur resist was then spun over the Ge layer.
Nanoimprinting was carried out by an EVG 620 mask aligner using a stamp made
of Ormostamp or h-PDMS. After inspecting the imprint quality with the SEM, reactive
ion etching with O2 plasma was used to etch through the NIL resist. The Ge layer was
etched with 5 seconds of SF6 plasma, and the PMMA layer was subsequently etched
anisotropically with O2 plasma, exposing the substrate.
In the next step, the adhesion layer and the metal layer were deposited by an e-beam
evaporator. The metal layer over the PMMA was peeled off with UV-tape. Finally, the
lift-off was done in an ultrasonic bath using the heated Microposit 1165 Remover for
about 5 minutes. Now the metal patterns were ready on the wafer (see Fig. 4.2).
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4.2 Germanium grating process
The fabrication process of a germanium guided-mode resonance mirror is based on etch-
ing the Ge using a NIL patterned resist layer as an etch mask.
We fabricated a 3×3 mm2 GMR mirror with the parameters obtained from simula-
tions. The GMR gratings were fabricated from e-beam evaporated amorphous Ge on a
1” fused silica wafer as a substrate. It was observed that the thick Ge layer laminated
from the the fused silica wafer. To improve the adhesion, the substrate was coated with a
10 nm layer of silicon nitride (SiNx) using plasma-enhanced chemical vapor deposition
(PECVD). Immediately after this, a 550 nm thick Ge layer was deposited by electron
beam evaporation. To guarantee the accuracy of the thickness of the Ge layer the growth
rate was calibrated with a 100 nm test sample by maintaining the measured growth rate.
Finally, a 70 nm SiNx etch mask layer was deposited by PECVD.
Figure 4.3: A Ge grating. The period of the
structure is 1 μm and the SEM image has
been taken in a 34◦ tilting angle.
In the next step, 60 nm of NIL re-
sist (mr-UVCur06) was spin-coated on
the sample. The nanoimprinting of the
grating pattern was performed with an
EVG 620 mask aligner using a PDMS-
stamp. Reactive ion etching (RIE) with
O2 plasma was then used to etch through
the residual layer of the NIL resist on the
bottom of the grating grooves. A mixture
of CHF3/Ar was used to etch through the
SiNx mask layer. Prior to the etching of
Ge the surface of the sample was cleaned
using O2 plasma to remove possible resid-
uals left from the Freon etching. The Ge layer was then etched in ICP using SiCl4/Cl2/He
chemistry and He backside cooling. The recipe was optimized to achieve a a vertical etch
proﬁle with smooth sidewalls. A low etching pressure with a moderate ICP power were
the key points to success.
After the fabrication process, a thin layer (about 35 nm) of residual SiNx remained
on top of the grating lines. It was not removed since in the simulations its effect was
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Figure 4.4: A basic process ﬂow for nanocone fabrication. a) Lift-off structure formed:
spinning of the PMMA layer, evaporation of the Ge layer and ﬁnally NIL-patterning of
the resist. b) Anisotropic etching through the layers to form the lift-off structure. c)
Evaporation of the metal until the cone is formed. d) Lift-off in a solvent to remove the
extra metal and the sacriﬁcial layer. Only nanocones are left on the wafer.
negligible and removal of the top SiNx layer would have also damaged the adhesion
layer. However, this SiNx layer can be be removed by phosphoric acid if needed, as was
done for the grating in Fig. 4.3. Also pure hot H2O etches germanium. Therefore, in
cleaning of the sample isopropanol (IPA) should be used instead of deionized water prior
to drying with nitrogen blow.
4.3 Nanocone fabrication process
The nanocone fabrication process is one of the key results of this Thesis. In this sec-
tion the basic concept and reasons which lead to cone formation are presented. The
experimental results are later described in Chapter 5.1.
UV-NIL combined with e-beam evaporation can be used to fabricate large arrays of
nanocones out of various metals. The method is relatively simple, low-cost, versatile,
scalable, and it works on any ﬂat surface with various metals. In the following section a
brief description of developed nanocone process is represented.
We fabricated regular arrays of conical metal nanoparticles, i.e. nanocones, which
usually have 90 – 200 nm base diameters and are organized in a square grid typically
with a 180 nm – 1 μm period.
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A master template having a 2D lattice of cylindrical holes was prepared by laser-
interference lithography (LIL) or e-beam lithography on a silicon wafer. The nanopat-
terns on this master template were copied to a transparent elastomer stamp made of
Ormostamp. A silicon, GaAs or silica substrate was spin-coated with a 600 nm layer of
PMMA and baked on a hotplate at 170 ◦C for 90 seconds.
Next, a 20 nm thick Ge layer was deposited by electron beam evaporation. A thin
layer of UV-NIL resist (mr-UVCur) was then spun over the Ge layer. Nanoimprinting
was carried out by an EVG 620 mask aligner using the Ormostamp stamp. Following
imprinting, reactive ion etching with O2 plasma was utilized to etch through the NIL
resist and the Ge layer was etched through with a brief SF6 step, and the PMMA layer
was subsequently etched anisotropically with O2 plasma, exposing the substrate.
In the next step a metal (Ag, Al, Au, Cr, Ge, Ni, Pt and Ti available) layer was
deposited by the e-beam evaporator. First, the 20 nm layer of Ti was evaporated to
promote adhesion. During the Ti deposition, the pressure in the chamber was usually
lowered to 10−8 mbar due to the residual gas gettering [120]. For all other metals the
pressure remained at 10−7 mbar, except for Ni, for which the pressure was 10−5 mbar.
The e-beam evaporator chamber was water-cooled during the evaporation and heated
during venting to avoid moisture condensation on the chamber walls. The deposition
was continued until the holes in the resist mask were completely ﬁlled with metal.
Then, using UV-tape attached with N2 blow the metal layer was peeled-off from
the substrate. Finally, a lift-off process was performed in hot a Microposit 1165 Re-
mover bath using ultrasonic agitation. After this step we observed an array of metallic
nanocones on the substrate (Fig. 5.1).
4.3.1 Nanocone formation
Nanocone formation is based on imperfect step coverage in the evaporation deposi-
tion [121]. With perfect step coverage the evaporated material forms a uniform ﬁlm on
every surface of the sample, including sidewalls. In thermal evaporation with an e-beam
the material ﬂux arrives on the sample surface perpendicularly. Ideally all evaporated
molecules are unidirectional, but in practice there are small variations in the directions
of the molecules.
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Figure 4.5: The principle of the cone formation process. When metal is evaporated
into a deep hole structure, the hole starts to shrink gradually and at the bottom of hole
a conical metal shape starts to form. In the SEM picture a cross-section of the lift-
off structure for nanocones is presented. The evaporated Au is on top and the darker
material beneath is the PMMA layer.
The process is the same in all lift-off processes but the main difference is in the
aspect ratio of the etched hole (Fig. 4.4). When the depth of the etched hole is greater
than the width, the hole can close even when the metal layer does not ﬁll the pattern fully.
Also the negative wall proﬁle promotes this process. Otherwise the nanocone fabrication
process is identical to a normal lift-off process.
The formation of nanocones takes place when the evaporated material starts to close
the hole (see Fig. 4.5). As the upper end of the hole shrinks, a cone starts to form below.
It starts to build up as a hemisphere-like metal dot but as the upper end of the hole closes
a sharp tip begins to grow.
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With metal atoms with a low sticking probability diffuse, reﬂect and resputter from
the surface and result in a good step coverage of the ﬁlm. With a higher sticking prob-
ability metal atoms attach to surface as they arrive and the deposited ﬁlm grows more
vertically [122]. Ideally with an inﬁnite sticking probability the evaporation into holes
would lead to the formation of the cylinder. However, with a ﬁnite sticking probabil-
ity atoms will always diffuse and reﬂect to the sidewalls and conical shapes are formed
unless diffusion is so strong that the atoms will always end up in the bottom of the trench.
The key points in the cone formation process are the directional metal vapor beam,
the high-aspect ratio of a trench or a hole, and the properties of the evaporated materials.
In an e-beam system the crucible, i.e. the source of the metal vapor, is located about
50 cm away from the sample, resulting in a directional vapor ﬂux. This produces in a
poor step coverage in normal samples, but in our case it is one of the features that enable
the success of the process.
Since in an electron beam evaporator the sample is usually cooled with water ﬂow,
migration and thermally activated diffusion on surface are minor phenomena. There-
fore, sticking probability is the main factor that determines the height of the cones. It
gives rise to the hole shrinking that leads to cone formation. A low sticking probability
produces short cones, as the metal particles are able to reﬂect and resputter, increasing
the shrinkage of the hole diameter. Sticking probability can be tuned with temperature
and it could possibly be utilized to tune the height of the nanocone, but in our e-beam
evaporator there is no means to control the temperature of the sample holder.
4.3.2 Nanocones with various metals
After developing the nanocone process for Au, the next step was to test other metals. For
this purpose in P2 a 4 cm2 array with a lift-off mask was cut to several pieces to have a
similar mask for all of the metals.
The conical shape of the nanocones was deﬁned through the deposition of investi-
gated metal layers on top of a titanium adhesion layer (10 nm). The same adhesion layer
was used for each studied metal to ensure a comparable reference surface. The metals
were Ti, Cr, Pt, Ni, Ge (a metalloid), Au, Ag, and Al. The evaporation rate was constant,
2.5 Å/s, and the pressure of the chamber after the evaporation of the Ti reference was
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Figure 4.6: The cone proﬁles of the nanocones fabricated with different metals. All the
ﬁgures are in the same scale.
about 10−8 mbar.
The shape and quality of the nanocones were investigated by an atomic force mi-
croscope (AFM) and a ﬁeld-emission scanning electron microscope (FE-SEM) (Fig.
5.1). The dimensions and other parameters are shown in the Table 4.1. The yield of
the nanocone process was approximately 95% over an area of 4 cm2 which consisted of
4.4×109 nanocones. Fig. 4.6 shows the SEM micrographs of nanocones fabricated with
eight different metals. It is obvious that the height and quality of the cones strongly de-
pended on the material. Here the sticking probability plays a crucial role and it depends
on temperature.
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Metal Evaporated h nm (AFM) h nm (SEM) Aspect ratio Hole status
Ag 1000 446 – 645 530 – 603 4.3 Open
Al 350 181 – 325 251 – 354 1.9 Open and closed
Au 400 295 281 – 335 2.4 Open
Cr 300 160 159 – 172 1.2 Closed
Ge 350 186 – 190 186 – 195 1.5 Closed
Ni 300 233 217 – 239 1.8 Closed
Pt 300 253 243 – 246 1.9 Closed
Ti 225 111 123 – 131 0.9 Closed
Table 4.1: Characteristic dimension of the nanocones for different metals. SEM and
AFM were used to deﬁne the heights. Hole status refers to the hole in the resist mask
upon metal evaporation – an open hole means that depositing additional metal to the
cone would have been possible.
Comparison of the metals
The Au nanocones were reasonably high (aspect ratio ≈ 2.4) and their uniformity was
good. Ag formed the highest nanocones (aspect ratio ≈ 4.3) but the height uniformity
was the poorest of all the materials, due to grain formation which caused irregular shrink-
age of the hole in the mask. This could be clearly seen after the evaporation of Ag
when most of the etched holes were still open but the hole diameter varied substantially.
Moreover, silver is soft, and the cones bent easily during processing, especially during
the lift-off in the solvent using ultrasonic agitation. Even higher Ag nanocones could be
fabricated, but the uniformity would decrease further.
Aluminum formed the largest grains, yielding polygonal holes instead of the desired
round holes (see Fig. 4.7). Therefore, the Al cones were very non-uniform. Uniformity
was also a problem with chromium but for a different reason. Cr formed small cones
(aspect ratio ≈ 1.2) which were circular and symmetric, but the yield was poor because
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Figure 4.7: A comparison of two materials to show how the material affects roughness
of the evaporated metal layer in the lift-off process. Ge and Al were evaporated on top
of the Ge etch stop layer. The strong grain formation caused the non-uniformity of the
Al cones.
the Cr layer peeled off and started to roll up on top of the resist mask during evaporation.
The Cr layer was so strained after solidiﬁcation that it ripped the intermediate germanium
layer off the PMMA layer. This could be a serious problem in fabricating large arrays of
Cr patterns.
The Ge cones were relatively low (aspect ratio ≈ 1.5) but the quality and the unifor-
mity were the best of all the materials. Due to this the Ge nanocone array was later used
as a master mold for the NIL stamp for making anti-reﬂection surfaces on semiconduc-
tors (see Chapter 5.1.3). Ge is a metalloid and an interesting material for the infrared
spectral range, due to its very high refractive index (n ≈ 4.0). Ge is neither transpar-
ent nor metallic in the visible band [123] but could be coated, for example by Au, to
achieve high-quality metallic nanocones. Nickel also formed nanocones with reasonable
uniformity.
Platinum created sharp cones of average height (aspect ratio ≈ 1.9). Platinum can
be used in inert probe tips, an area where titanium cones can also be used. Ti formed
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Figure 4.8: Rows of Ge cones. The Ge cones were the smoothest of the tested materials.
The uniformity was also the best which is caused by the small grain size after the metal
evaporation (Fig. 4.7).
the smallest cones, and being a very strong material might excel in applications where
mechanical durability is an issue. Ti could also can be used to shrink the hole-size during
the cone process to form "hat-like" cones with an intermediate Ti layer, for example, with
Au.
Silver produced the tallest cones, with an aspect ratio of about 4.5 (see Table 4.1).
However, silver cones were not eminently sharp, because the hole was not shut after the
evaporation and the sharp tip was not formed.
Uniformity of the cones
The uniformity of the height of the cone was directly proportional to the grain size of the
metal ﬁlm after the evaporation. The grain size was characteristic of every material and
is the main challenge for our method. Not only did grainy metals grow into irregularly
shaped grainy cones, but also covered the holes non-uniformly, leading to wide variations
in the height of the cones. Aluminum was a prime example of this effect (see Fig. 4.7).
The same problem was also observed for silver, but the circular shape of the cones
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Figure 4.9: An array of conical L-shaped metal structures. Initially, the patterns were
L-shaped holes. Note that the tip of the cone is not one solid ridge. The L-shaped
original pattern is roughly sketched at the basis of the conical structure at the left side.
Imperfections in the patterns cause peaks to the wings of the ”L”.
was less distorted. However, the high aspect ratio of the Ag cones caused considerable
non-uniformity in cone heights. With germanium the grains were very small (see Fig.
4.7) resulting in uniform and symmetric nanocones (see Fig. 4.8). With chromium, the
limiting factor for the uniformity was peeling off of the metal layer during the evapo-
ration. In the SEM micrographs (not shown) the Cr layer was seen to peel off the Ge
intermediate layer from the PMMA. The adhesion between Ge and PMMA was poor, as
expected. The PMMA layer could be replaced by another, harder material to alleviate
this problem.
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Figure 4.10: Al3O2 cones. a) Al3O2 hemipherical semi-cones. b) A peeled off Al3O2
layer after evaporation. Strong stress causes rolling of the evaporated Al3O2 layer.
Other structures using the nanocone process
With dielectric materials, such as Al3O2, our process did not produce nanocones, but
formed structures that resembled hemispherical dots (see Fig. 4.10). In principle, any
material that can be deposited by e-beam evaporation or other physical vapor deposi-
tion techniques may be used. Similar hemispherical Au dots can be also produced by
evaporating less metal (lower inset in Fig. 5.4).
The ﬁnal cone height and sharpness can be accurately controlled by the evaporation
rate and time. It is possible to fabricate multi-layered cones, such as metal-insulator-
metal (MIM) nanostructures (see Fig. 4.13), from any e-beam vaporizable materials.
Also, nanocones with various height could be prepared at the same time if the patterned
holes had different diameters. Large holes take more time to be covered, resulting in
higher cones when compared with the holes with small diameters.
The base of the cone does not need to have a circular cross-section – any shape of a
resist groove will grow into a structure with a sharp tip. For example, consider Fig. 4.9,
which depicts patterns formed through an L-shaped hole. The ridges of the L-shaped
structures have considerable variation of the ridge height along the arms of the L. This
is a result of imperfections of the etched hole.
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Summary of the nanocone process
The main advantages of our nanocone fabrication method are a result of using UV-NIL.
After producing the initial master pattern, for example by expensive EBL, the pattern
could be replicated hundreds of times cost-effectively. Moreover, the cones could be
made of different metals or a combination of metals. By using UV-NIL, the arrays of
nanocones can cover wafers as large as 6 inches [124] which are widely used in silicon
industry. Our nanocone process is a rather gentle method to fabricate metal tips on the
substrate compared with, for example, FIB etching [125]; the most damaging step is an
O2 plasma RIE etching step.
A disadvantage of our method compared to FIB is that the deposited metal struc-
tures are always grainy. However, in many applications, metal structures are in any case
deposited directly onto a substrate, so that our cones will be of similar quality.
4.4 Dry etching
The pattern transfer in the nanocone process and nanophotonic device fabrication using
NIL is based on dry etching. The residual layer (details in Section 3.1.2) must always
be removed by anisotropic dry etching. The anisotropic nature of the etching process is
a key element in linewidth control in order to replicate the master template as accurately
as possible onto the sample substrate.
Wet etching is usually not an option in NIL because resists are insoluble in the most
common solvents and the isotropic nature of etching makes the linewidth control more
difﬁcult. In this thesis mainly reactive ion etching (RIE, Oxford Plasmalab System 100)
was used in the etching through the lift-off mask. Inductively coupled plasma (ICP, Ox-
ford Plasmalab System 100) was used for etching the germanium GMR mirrors (2.2.3).
The selection between RIE and ICP is mainly determined by the etching gasses avail-
able in the system as well as cleanroom policies. Freon-based chemistries and polymer
etchings are generally done in RIE, and semiconductor and chlorine-based etches in ICP
in order to improve the repeatability and to avoid contamination.
Our lift-off etch process has developed during the years. In order to guarantee good
etch selectivity in every step, a basic NIL resist/Ge/PMMA lift-off structure was used.
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Etching the metalloid Ge was done by adding a small ﬂow of O2 into the ﬂuorine
plasma. This has two functions. First, O2 consumes carbon, oxidizing it from the freon
plasma and increasing an amount of ﬂuorine radicals in the plasma [126] and it also
prevents polymer formation in the freon etching. Second, the etching process of Ge
oxide is a faster than the etch rate of the pure metalloid surface. This increases the
overall etching rate.
It was observed that the Amonil and Ge etching steps were best done in a row without
braking the vacuum in order to maintain repeatability of the process. Apparently the Ge
surface oxidized in air and the Ge etching rate decreased. The main goal was to get good
selectivity between the etch mask and the lift-off layers. With chlorine good selectivity
was achieved between the Amonil and Ge in test etching with a dummy wafer but when
the lift-off structure was applied, the PMGI layer became impenetrable. Chlorine and
ﬂuorine gases cause this kind of problems when used in the same process chamber,
which has been known in the ﬁeld for years.
After installing the SF6 gas to the RIE system, it was possible to etch the Ge layer
with pure ﬂuorine. The freon based plasma always causes the formation of carbon-based
polymers in the process chamber and the on the surfaces of the samples. With SF6 the
etch process was much cleaner and selectivity between the mr-UVCur resist and Ge was
extremely good.
In the fabrication of GMR mirrors, ICP etching was applied. Vertical sidewalls were
essential because parameter tolerances were quite narrow (see Fig. 5.2). With ICP, the
properties of the plasma can be tuned. In RIE, the power and the plasma density go hand
in hand but in ICP with a low RF a power high plasma density can be achieved. This
helps when low pressure is needed, e.g. in etching deep holes into semiconductors, but a
high etch rate is still desired.
In ORC’s ICP system helium backside cooling can be applied to control the tem-
perature of the sample which can improve selectivity and the etch proﬁle and prevents
resist burning during etching. In order to get a vertical etch proﬁle, a SiCl4/Cl2/He
based chemistry was used in the recipe. SiCl4 is a very good etching gas when vertical
sidewalls are needed because of sidewall passivation due to silicon-based polymers. A
similar recipe has been used in etching high aspect ratio Ge zone plates [127].
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The etch rate with this recipe turned out to be very high and the ICP power was
lowered in order to improve controllability. The plasma had also stability issues in low
pressures and the chamber pressure was increased until the plasma was stable. A low
pressure strike was applied for igniting the plasma.
4.4.1 Linewidth control
Line width control is important for the accurate replication of the designed structure to a
ﬁnal working device. In critical applications line broadening due to NIL or etching must
be taken into account in designing the master template.
The period of the patterns is usually almost constant in NIL processes but in ex-
tremely accurate applications such as in DFB diode lasers even variations of a few
nanometer are too large [128]. The imprint process itself usually broadens the linewidth
when the stamp gets compressed. This happens especially when the aspect ratio of the
pattern is more than one. The etching step is the most crucial step in the linewidth
control.
Sparse patterns also cause broadening as mentioned in section 3.1.4. This happens
when the stamp material is not hard enough to keep its shape under pressure. This could
also be taken into account in the master design if the broadening is tested beforehand
with another master.
In the lift-off process the keypoint in linewidth control is the intermediate Ge layer.
If it is etched properly then the etching of the sacriﬁcial layer is quite straightforward.
O2 even with with longer etch times does not etch Ge and only ion sputtering consumes
it. Usually sputtering in RIE etching consumes a few nanometers per minute with high
RF powers.
4.4.2 Practical views
Over the years several handy tricks were found which helped to increase the yield, i.e.
the number of the nanocones of good quality from the patterns in the stamp, in the lift-off
process. One of the best ones was preventing the nanocones from falling with adhesive
tape. Nanocones were fallen and bent after the lift-off process and it was observed
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Figure 4.11: A SEM micrograph of the fallen and twisted nanocones. In the lift-off metal
ﬂakes damage the nanocones mechanically. Tape assisted lift-off was used to tackle this
problem.
that pieces of metal ﬂakes during the ultrasonic agitation in the solvent bombarded the
nanocones and twisted them mechanically (see Fig. 4.11).
This problem was solved by attaching a tape used with wafer scribers to the metalized
sample surface and peeling of the evaporized metal layer before the lift-off in the solvent.
An UV-detachable tape was found to be the best for this purpose. With this procedure
the metal layer could be reproducibly removed from the top of the polymer. Naturally
this does not work when the metal is directly on top of the hard sample surface. The
most gentle way to attach a tape to surface of the sample was by a N2 blow, which also
removed the bubbles from under the tape efﬁciently.
Usually heated solvents work better in the lift-off, but heating also helps to crack
the top metal layer to allow the solvents to penetrate the sacriﬁcial layer. However,
heating of acetone is not recommended because of the low ﬂash point (-20 ◦C) of acetone
vapors. The boiling point is also low (56 ◦C) [129]. With PMMA and PMGI, Shipleys’s
Microposit 1165 Remover [130] was used. Due to different thermal expansion, the metal
ﬁlm laminates from the surface of the polymer and speeds up the lift-off process.
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Figure 4.12: 5 nm of Au without an adhesion layer. Below 8 nm ﬁlm thickness Au layers
started to become grainy.
Ultrasound was used frequently in the lift-off. It makes the lift-off faster and in many
cases a good yield is impossible without an ultrasonic agitation if the metal layer does
not crack. It also helps to remove the unsolvable etch residuals from the surface. It is
recommended that the solvent, if possible, is pre-heated before immersion of the sample
to the ultrasonic bath.
A CO2 snow gun can be used to remove extra metal from the sample. However, rapid
cooling and hard mechanical stress can also detach the delicate nanostructures from the
wafer. A CO2 snow gun can not be recommended for everyday lift-off, but only as a last
means of recovery before acknowledging the failure.
Au nanopatterns usually need some adhesion layer between them and fused silica,
although they can also be produced without it. In this thesis titanium was mainly used
as an adhesion layer. It has some inﬂuence in plasmonics as the plasmon resonance
wavelength and losses depend on the used materials in the nanostructure. According to
Aouani et al. [131] TiO2 and Cr2O3 would be the best choices in terms of ﬂuorescence
enhancement with molecules. The adhesion layer also causes absorption. At ORC,
metals and dielectrics are deposited with two separate e-beam evaporators, so dielectric
adhesion layers can not be fabricated without braking the vacuum. Therefore, Ti was
used as an adhesion layer.
Since Ti is a bad material for plasmonics the adhesion layer was kept as thin as
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possible. With gratings and dots thinner than 100 nm, 3 – 10 nm of Ti is enough. In
the nanocone process a 20 nm of adhesion layer was found to be sufﬁcient. With a deep
lift-off structure used in the nanocone process less metal was deposited on the bottom of
the hole and a thin adhesion layer was not adequate. Also more metal is deposited to the
center of the hole causing the Ti adhesion layer to become hemispherical (see Chapter
4.3.1).
There’s also another method to improve the adhesion. Before the metallization, a
monolayer of 3-mercaptopropyltrimethoxysilane (MPTMS) can be vaporized on the sur-
face of the wafer [132]. This was tested and found to work very well in wafer scale. The
Au layer fabricated on top of the MPTMS passed the standard "Scotch tape test", which
is widely used in the R&D laboratories to evaluate the adhesion properties of ﬁlms after
evaporation.
The MPTMS treatment was also applied to the lift-off process with poorer results.
The MPTMS deposition was done after the O2 plasma etching of PMMA. After about 3
hours of vacuum evaporation of MPTMS the Au patterns were quite poorly attached to
the wafer. However, in a recent paper by Habteyes et al. a similar procedure was applied
successfully [133]. They used a much longer evaporation time of 3 h – 3 days. The long
idle time limits the practical processing and for everyday fabrication this is quite a poor
option.
An adhesion layer is not mandatory with Au nanostructures if the mechanical en-
durance is not the main goal. We tested the tuning of the plasmon resonance with very
thin Au gratings. The plasmon resonance shifts to longer wavelengths when the grating
lines get thinner. For these tests no adhesion metal was applied to get a stronger optical
response. For 8 – 50 nm thickness the Au gratings endured the lift-off process if ultra-
sound agitation was not applied. The structures were strong enough to be measured in
the laboratory. A problem was only that Au layers thinner than 8 nm were not smooth
ﬁlms but grainy after the Au evaporation (see Fig. 4.12).
Also sandwiched metal-insulator-metal (MIM) structures [134] can be fabricated
without an adhesion layer at the metal-dielectric interface (Fig. 4.13). We tested this
by fabricating similar samples which consisted of Ti/Au/ZrO2/Au 1/10/5/10 nm layers.
Au and ZrO2 layers were deposited by e-beam but in a different system, i.e. the vacuum
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Figure 4.13: Ti/Au/ZrO2/Au 1/10/5/10 nm MIM structure on a Si wafer without adhesion
layers between the Au and ZrO2 layers.
was broken between evaporations. This probably decreases adhesion due to surface con-
tamination but still the layers did not notably laminate. The yield, i.e. the percentage of
the undamaged MIM structures from the patterns in the stamp, was about 95%.
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Applications of sub-wavelength
photonic structures
In this chapter the main results of the thesis are presented and discussed. A large share
of this thesis is about the fabrication of metallic nanocones. These nanocones are very
interesting structures for plasmonics. They localize light into a tight spot at the tip of the
cone. This gives rise to the enhancement of various interactions, for example, second
harmonic generation (SHG) and Raman scattering.
Also a guided-mode resonance (GMR) mirror is presented. It was used to realize a
broadband mirror with a high reﬂectivity. This GMR mirror was applied in a semicon-
ductor disk laser as an output coupler mirror.
5.1 Nanocones
As described earlier in Chapter 1, gold nanocones were more or less a lucky a by-product
of other tests. This is the way new discoveries are often made in science and technology,
although it is not commonly acknowledged. Furthermore, like many useful practices
related to processing, the fabrication method of the cones was found to have been pro-
posed in the 1960s, in this case by Spindt et al. [135]. A similar process has been used
in the fabrication of ﬁeld-emission cathodes. Recently the cathodes have been applied
in surface-conduction electron-emitter displays [136]. However, such a process has not
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Figure 5.1: An array of Au nanocones on a Si wafer. The period is 300 nm and the base
diameter is 130 nm.
been reported with NIL yet.
5.1.1 SHG in nanocones
As described above, metallic nanocones were expected to efﬁciently concentrate incident
light at their tips. To investigate this local ﬁeld enhancement in practice the plasmonic
and nonlinear optical properties of the nanocones were studied in P1. Extinction mea-
surements can be used to reveal the plasmon resonances. A SNOM would be an obvious
choice for studies of the local-ﬁeld but we had no access to such a system. However,
SHG can be used to get qualitative data of the local ﬁelds. The SHG signal scales with
the fourth power of the ﬁeld intensity. Therefore, it is very sensitive to changes in the
local ﬁelds. The SHG studies were made by the Nonlinear Optics Group in the Optics
Laboratory, Tampere University of Technology.
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Figure 5.2: (a) Extinction spectra for TM-polarized light at 50 ◦C angle of incidence for
nanocones with (solid line) and without (dashed line) sharp tips. (b) A 3D ﬁnite-element
simulation of electric ﬁeld distribution in a gold nanocone with a 5 nm tip radius of
curvature, illuminated from above by a focused radially-polarized beam at 1060 nm
wavelength. The scale is logarithmic and cropped at 85% for better visibility.
To quantify the enhancement of the SH response from the nanocones, we had a
reference sample consisting of a similar array of half-cones with 88 nm height. The
half-cones were fabricated by stopping the metal evaporation before the hole was closed
and the sharp tip was formed. Their longitudinal plasmon is shifted to a slightly shorter
wavelength of 525 nm (Fig. 5.2a) compared to the full nanocones that had a resonance
at 615 nm. Therefore, our reference sample is actually closer to the secong harmonic
frequencies of our laser than the sample with the sharp tips.
To demonstrate the strong local ﬁelds at the tips of the cones, optical SHG with
an ultrafast pulsed Nd:glass laser (wavelength 1060 nm, pulse length 200 fs, repetition
rate 82 MHz) was used. Note that the fundamental wavelength is non-resonant with the
plasmon peak, but the SH wavelength of 530 nm is inside the rather wide resonance. The
diameter of the focal spot in the experiment was about 3 μm, so there were approximately
80 nanocones within the spot area. The SH signal was detected by a photomultiplier tube
combined with a single-photon counting system.
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Figure 5.3: A nanocone sample immediately after evaporation of Ti/Au 20/400 nm. Au
has started to form grains but the holes have still shrunk uniformly.
In order to couple the incident beam with the plasmon resonance in the direction of
the axis of the cone, a polarization component along the axis direction was needed. To
avoid problems caused by an oblique angle of incidence with the periodic structures we
used a focused radially-polarized fundamental beam, which has a strong longitudinal
electric ﬁeld component at the focal plane, while the lateral polarization components
cancel each other. Simulations using the ﬁnite-element method (Comsol, see Chapter
2.3.1) show that this situation leads to a strongly enhanced ﬁeld (white area in Fig. 5.2b)
at the tip of the cone.
Fig. 5.4 presents the SH signals from the two samples as they were scanned in the
focal plane. There is a signiﬁcant ﬂuctuation in the SH signal for the sharp nanocones,
whereas the signal from the reference sample is slightly more uniform. During the scan
the nanocones are moving into and out of the focal area.
The sensitivity of the nanocones arises from the fact that the SH intensity is propor-
tional to the fourth power of the local fundamental ﬁeld and to the second power of the
local SH ﬁeld. Therefore, the SH signal is very sensitive to the variations in the features
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of the nanocones and further to their local ﬁelds. To quantify the enhancement, the SH
signals was averaged over the whole transverse scan. The SH intensity from the sample
with the sharp nanocones was enhanced by a factor of 150 compared to the half-cones.
Clearly, the sharp nanocones are efﬁcient in producing strong local electric ﬁelds.
Figure 5.4: A SHG signal as the sam-
ple is scanned in the transverse direc-
tion. The measurement is done for sharp
nanocones, height 291 nm, and half-cones,
height 88 nm. Dashed lines illustrate the
average SHG intensities.
SH scans reveal that the nanocones are
not totally identical. Imperfections tend
to accumulate in the fabrication process.
Therefore, variations in the master mold
will be ampliﬁed after the NIL and the lift-
off steps. An even stronger effect comes
from the granulation of the metal layer dur-
ing the evaporation of the metal. The gran-
ulation is very strong, especially with Ag
and Al. However, grain formation can be
seen also with Au (see Fig. 5.3) which
causes a small variation in shrinkage rate
of the hole. These things together cause
the variation of the SH signal.
SHG can be used to identify defects of
the individual metallic nanoparticles by scanning with the cylindrical vector beam [137]
the area where the nanopatterns, in this case nanocones, are located [64]. The beam size
must be smaller than the period of the nanocones in order to see the response from the
individual nanocones. When radial (RP) or azimuthal polarization (AP) is applied, light
can couple to a nanocone. The SHG response is sensitive to the geometry and changes
in the morphology. Using cylindrical vector beams in the SHG scan it is possible to see
features that would not be visible when scanning with linearly polarized light.
5.1.2 Raman scattering in nanocones
The nanocone process is also capable of producing more complicated shapes. In addi-
tion to the L-shaped particles shown before, pairs of cones with a low bridge between
them were fabricated. A simple approach to prepare the bridged nanocones with sharp
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Figure 5.5: a) A single Ag nanocone. b) A bridged nanocone. Dimensions are in the
inset. c) A schematic from the measurement setup.
tips that outperform single nanocones in terms of the achievable Raman signal enhance-
ment was presented in P4. The measurements were done in the ICFO, Spain. Two silver
nanocones were connected by a silver bridge that overcomes the relatively large sepa-
ration distance to achieve plasmon coupling between the two cones. The structure was
intended to mimic the planar ”U-shaped” split-ring-resonator (SRR) where plasmon cou-
pling between the two arms is facilitated through a base wire [138, 139]. Additionally,
the sharp tips at the ends of the arms are shown to be favorable for the ﬁeld enhancement
effects.
A master template having a lattice of both cylindrical holes (single nanocones) and
connected hole pairs (bridged nanocones) was ﬁrst prepared by EBL on a silicon wafer.
The fabrication process of the nanocones followed a similar lift-off procedure as pre-
sented in 4.1. The conical shape of the nanocones was deﬁned through the deposition
of a titanium adhesion layer (20 nm) followed by the evaporation of 1000 nm of silver.
Because the bridge between the holes is narrower than holes, it is closed earlier and the
height of the bridge remains lower than the height of the nanocones themselves. This
process gives rise for the ”U-shaped” metal nanostructures.
Each cone had a base diameter of 150 nm and a height of approximately 1 μm with a
ﬁnal tip radius of curvature of approximately 5 nm. The period of the single cone array
was 1 μm. The bridged nanocone structures consisted of two nanocones separated by
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Figure 5.6: Raman spectra from the bridged nanocone. a) The emission spectra for
the bridged nanocone (1) and single nanocone (2) in the presence of crystal violet. The
background signal (3) was obtained by measuring from a point in the solution away from
the cones. b) The resulting Raman bands after the CV ﬂuorescence background has been
removed demonstrating the TERS enhancement improvement of the bridged nanocones
(red) compared to the single nanocone (black).
450 nm and connected with the metal bridge in an array of the same periodicity as the
single cones. The bridge was 50 nm wide and 330 nm in height. An array of single
nanocones with the period of 450 nm was fabricated and tested in order to mimic a pair
of cones in the absence of a bridge as a reference.
A comparison of the emitted signals from the structures in the presence of crystal
violet (CV) molecules is given in Fig. 5.6. The Raman and ﬂuorescence bands of the
CV molecules are clearly observed and at this dye concentration, no Raman signal and a
low ﬂuorescence signal above the noise level was observed at the same excitation power
out of the area of the nanocones. The three main peaks, at 1200, 1400, and 1615 cm−1,
agree with the previous observations of the CV SERS spectrum [140].
The bridge clearly alters the optical properties of the system, leading to a four-fold
increase in the ﬂuorescence output from a single nanocone. The TERS enhancement
is even higher: the three main CV peaks experience an average 8-fold Raman intensity
increase relative to the single nanocone.
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Figure 5.7: Etched AlInP nanocones fabricated using the Ge nanocone array as a mas-
ter mold of the NIL stamp. Reprinted from [141]. Copyright (2010), with permission
from Elsevier.
5.1.3 Moth-eye templete
Solar cell technology is highly growing branch of photonics. Since a single (semicon-
ductor) junction only captures light at a limited spectrum, a multijunction cell are of-
ter used [142]. To collect all available light into the active region of the cell, an anti-
reﬂective coating is needed. One way to realize a highly efﬁcient antireﬂective layer is
to use a moth-eye structure [143].
Tommila et al. [141] used nanoimprint lithography to realize the moth-eye structure
on aluminum indium phosphide (AlInP) compound commonly used as a window layer
in high-efﬁciency multijunction solar cells. They used Ge nanocones as master template
for NIL stamp fabrication. Ge nanocones are very attractive for this purpose because
of good uniformity, a feasible shape of the structures and a large area of the patterns.
With this stamp conical resist patters were imprinted. These resist cones were further
dry etched into SiNx which was used as an etch mask for the etching of the AlInP layer.
Etch recipes were optimized to preserve the aspect ratio and the shape of the patterns.
With the moth-eye AR coating an average reﬂectivity of 2.7% was achieved for a
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wide spectral range of 450 – 1650 nm. An un-etched 1 μm AlInP layer was used as a
reference which exhibited an average reﬂectivity of 26.4% over the measured spectral
range. Therefore, this biomimetic structure resulted in an order-of-magnitude decrease
in reﬂectivity.
5.2 Guided-mode resonance mirror in IR wavelengths
During the testing of the fabrication of the nanocones from different materials it was
noted that Ge can be used to fabricate very smooth and uniform nanostructures. Previ-
ous experiences from the lift-off process had shown that it is easy to etch with plasma.
This, combined with the good optical properties in the IR range urged us to develop an
application using these beneﬁts of Ge.
5.2.1 GMR mirror
In P3 we demonstrated that germanium is an attractive material for a broadband IR
guided-mode resonance mirror. It has a very high index of refraction of about 4.0 in
the IR [123] and a band gap of 0.66 eV. The absorption of Ge is very small for the
wavelengths above the bandgap and the transmission spectrum extends from 1.9 μm to
over 17 μm which is a wider range than that of silicon (1.06 – 6.7 μm).
Bulk Ge is a common window material in the IR region. However, there are only
a few reports concerning Ge as a material for micro/nano-optical components in the
literature. Ge has been used to realize planar photonic crystal structures [127, 144].
Previous reports have also demonstrated broadband reﬂectors fabricated out of silicon
[145]. However, mainly low refractive index materials have been used to realize GMR
mirrors resulting in a narrower reﬂection band, and usually in visible range [146] or in
near-IR [147].
The grating mirror was designed for TM-polarized light (E-ﬁeld is perpendicular to
the grating lines) using a 2D RCWA method (see Chapter 2.3.2). The operation range of
the mirror was designed to be centered at 2.5 μm and the Nelder-Mead simplex search
in method in Matlab was used to maximize the average reﬂectivity over a wavelength
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Figure 5.8: a) Ge grating on a fused silica wafer with a 1 μm period and a 285 nm
groove width imaged from above. b) Cross-section of the Ge grating on a Si reference
wafer. The Ge layer is 557 nm thick and the residual SiNx etch mask layer is 35 nm
thick. A Si wafer was used in reference sample to enable good cross-section quality for
inspection of the etching proﬁle.
region of 1900 – 3000 nm. All of the structural parameters, i.e. period, ﬁll factor and
thickness of the grating, were free in the optimization.
The optimization process resulted in the period of the grating of 1 μm, the thickness
of the Ge layer of 550 nm and the width of the grating groove of 280 nm (ﬁll factor of
0.72). The effect of the residual SiNx etch mask layer on the reﬂectivity spectrum was
negligible and it was left over the Ge grating lines. This design resulted in a reﬂectiv-
ity of >95% for the wavelength range between 1850 nm and 3020 nm. Reﬂectivities
approaching 100% could have been achieved by optimizing for a narrower wavelength
range.
The fabrication tolerances were analyzed before processing the samples. From the
simulation results shown in Fig. 5.9a it can be seen that the ﬁll factor can vary from 0.72
to 0.765 while the reﬂectance remains over 90%. Note that if the ﬁll factor decreases
more than 0.01 from the optimum then the reﬂectivity around the wavelength of 2100 nm
starts to decrease rapidly. Similar simulations were done for the Ge layer thickness (see
Fig. 5.9b. The reﬂectivity stays above 90% with a Ge thickness of 506 – 550 nm.
The transmittance of the sample was measured with a Perkin Elmer Lambda 1050
UV/VIS/NIR spectrophotometer. The reﬂectance was derived from the transmittance
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Figure 5.9: Simulation of the reﬂectance of the GMR mirror design. Period of the
grating design is ﬁxed to 1.0 μm. a) Effect of changing the ﬁll factor. The thickness of
the Ge layer is ﬁxed to 550 nm. b) Effect of Ge ﬁlm thickness. Fill factor is ﬁxed to 0.72.
Dashed lines represent the reﬂectivity with the optimal operation conditions.
because it was not possible to measure the reﬂectance in direct incidence with the in-
strument. The beam size was limited by a shutter to the 3× 3 mm2 grating area of the
sample. An IR-range polarizer was aligned parallel to the grating lines for measure-
ments in TE polarization and the sample was rotated 90◦ for measurements of the TM
polarization. A silica wafer without a grating was used as a reference sample.
The absorption of the Ge layer was measured from the transmission spectrum of the
unpatterned sample referencing a plain fused silica wafer. It was less than 1% in the
designed operating range of the mirror. At the wavelength of 2335 nm the reﬂectance
(Fig. 5.10) is at its maximum, reaching 98.8%. In the simulations the reﬂectance is
ideally 99.99% when no absorption of the materials have been taken into account. This
minor discrepancy can be explained by the small undercut in the grating edge proﬁle
(Fig. 5.8b) — the sidewalls in the design were perfectly vertical.
We estimated that this undercut decreases the effective grating linewidth by 25 nm
and recalculated the reﬂectance spectra based on this. This simple approximation re-
sults in good agreement with the experimental reﬂectivity spectrum, as can be seen in
Fig. 5.10. The reduced reﬂectivity at the wavelength of ∼2100 nm can be explained
by a deviation from the optimum ﬁll factor as can be seen in Fig 5.9a. The rest of the
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Figure 5.10: Measured (solid lines) and simulated (dotted lines) reﬂection spectra of the
Ge mirror for TM and TE polarization. The mirror was designed for TM polarization
("SIM TM OPT"). The spectra ("TM" and "TE") were derived from transmission mea-
surements with an IR-spectrophotometer. "SIM TM" and "SIM TE" spectra represent
simulated reﬂectivities for the measured sample with the realized dimensions.
measurement closely follows the spectrum of the optimal design.
A slight problem in the transmission measurement is introduced by the strong char-
acteristic OH-absorption peak of fused silica at 2.7 μm [148]. Comparing the simulated
transmission spectrum with the experimental spectrum, it can be clearly seen that the
measured peak at the 2.7 μm is a result of the absorption of the substrate. This absorp-
tion peak is missing in the reﬂectivity spectrum measured from the GMR mirror sample
by Fourier transform spectroscopy (FTIR) but was visible in the transmission spectrum
of the fused silica substrate. However, it was observed that this OH-absorption peak was
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Figure 5.11: A detailed illustration of the laser cavity with GMR grating used as an
output coupler.
smaller in the processed wafers than in out of box fused silica wafers. This is caused
probably by annealing during the SiNx layer growth in PECVD (at 300 ◦C).
Ge has a high index of refraction and low losses in the IR range. This allows the
GMR mirrors to be designed for longer wavelengths than previously [145]. The main
advantages of Ge are low cost and straightforward processing. Due to its extremely high
index of refraction Ge mirrors can also operate as waveguides on various high-index
semiconductors which is very important for integration.
5.2.2 GMR output coupler mirror in semiconductor disk lasers
A semiconductor disk laser (SDL), also called a vertical external-cavity surface-emitting
laser (VECSEL), is a laser where the bottom mirror and the gain material, i.e. quantum
wells, is made of compound semiconductor structure. It forms a cavity with an external
mirror [149]. The advantages of VECSEL are a high beam quality, a relatively high out-
put power and the adjustability of the wavelength. Usually they are optically pumped,
but also electric pumping conﬁgurations are reported. Optical pumping is preferred be-
cause pumping can be more uniform on a large area. A more common application is
ultrashort pulse generation which can be done by adding a semiconductor saturable ab-
sorber mirror into the cavity. Polarization stabilization is usually done with diffraction
gratings, but their problem is the introduction of high losses in the cavity. Also a spe-
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Figure 5.12: The direction of the output polarization measured from behind the folding
mirror and behind the grating. At the 0◦ grating angle grooves of the grating are lined
vertically.
cially designed laser mirror realized by highly-reﬂective grating has been presented for
this purpose [150].
A GMR mirror was applied to a 2.35 μm SDL setup to be used as an output coupler
in a V-shaped laser cavity (see Fig. 5.11). The advances of the GMR mirror in a SDL
setup are polarization stabilization and broad-band reﬂectance, which allows various
wavelengths to be tested with the same setup. The reﬂectance of the GMR mirror is
different for TM and TE polarizations. Even a small difference in the reﬂectance can
favor the other polarization mode and the lasing output becomes polarization stabilized.
The polarization dependence of the output beam, when the grating is rotated, is
shown in Fig. 5.12. The polarization of the output beam was found to be linear with
about 1:30 – 1:5 contrast between the TE and TM components. However, the polariza-
tion does not follow the grating angle linearly but slightly sinusoidally. The reason for
this (initially) surprising observation is the fact that the response of the gain mirror also
depends on polarization. This causes the small sinusoidal variation in the direction of
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polarization measured behind the folding mirror (circles in the Fig. 5.12). Moreover, the
transmission of the grating is different for TE and TM polarizations (ratio of 25/3).
In summary, it was shown that the GMR grating can be used as an output coupler in a
SDL setup to produce an output that is linearly polarized and the direction of polarization
could be controlled by rotating the grating.
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Chapter 6
Conclusions
This thesis has dealt with the fabrication and development of nanophotonic applications.
UV-nanoimprint lithography was the main tool in realizing these nanostructures and
the central impact of this thesis was the development of nanofabrication processes and
working methods into nanoscale. Optical measurements of the nanostructures were used
to demonstrate their functionality in practice.
A NIL-assisted nanocone fabrication process was developed, various metals were
tested and the process was further optimized. An array of gold nanocones was used to
enhance second-harmonic generation (SHG) and their morphology was investigated by
scanning SHG maps with cylindrical vector beams. Silver bridged-nanocones were used
to enhance the Raman signal in a tip-enhanced Raman scattering application. Nanocone
arrays in wafer-scale volume were demonstrated by NIL. The NIL-fabricated nanocones
were shown to be versatile tools for nanophotonics. In addition to demonstrated applica-
tions they could be used in ﬁeld emission, trapping of nanoparticles and metamaterials.
Guided-mode resonance (GMR) was exploited to demonstrate a wide-band high re-
ﬂectance IR-mirror using germanium as a grating material. The GMR mirror was shown
to be a very efﬁcient reﬂector and the operation region was pushed further into IR than
in previously published work. The Ge mirror was also applied to a semiconductor disk
laser operating at 2.35 μm as a polarization-stabilizing output coupler. A narrow-band
version of the mirror could be used to simultaneously achieve polarization and wave-
length selectivity for a laser.
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The main achievement of this thesis was the development of fabrication methods for
nanophotonic applications using tools that enable industrial-scale fabrication. This work
hopefully will support with emerging commercial nanophotonic applications and for its
part help the North to succeed in the globalizing world. The ﬁeld has been plowed.
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We show that nanoimprint lithography combined with electron-beam evaporation provides a cost-efﬁcient,
rapid, and reproducible method to fabricate conical nanostructures with very sharp tips on ﬂat surfaces in
high volumes. We demonstrate the method by preparing a wafer-scale array of gold nanocones with an av-
erage tip radius of 5 nm. Strong local ﬁelds at the tips enhance the second-harmonic generation by over 2
orders of magnitude compared with a nonsharp reference. © 2009 Optical Society of America
OCIS codes: 220.4241, 190.2620.
Metal nanostructures are under intense investiga-
tion especially in the ﬁelds of plasmonics [1] and
metamaterials [2]. They act as optical antennas [3],
which couple light between the near and the far
ﬁelds, allowing light to be manipulated beyond the
diffraction limit. The resulting strong nanoscale elec-
tromagnetic ﬁelds can enhance optical interactions,
such as surface-enhanced Raman scattering [4]. The
nanoscale localization of light arises from plasmon
resonances of metal nanoparticles and can be further
enhanced by nanoscale gaps between particles [5]. In
addition, sharp tips can lead to very strong local
ﬁelds through geometrical effects (lightning rod ef-
fect) [6], which has many applications in tip-
enhanced near-ﬁeld microscopy [7], sensing [8], and
nanofocusing of light [9]. Strong local ﬁelds are par-
ticularly important for nonlinear optical interactions,
which scale with a high power of the ﬁelds, as dem-
onstrated by second-harmonic generation (SHG) from
nanodimers [10], sharp tips [7,11], four-wave mixing
[12], and high-harmonic generation [13]. Sharp me-
tallic tips are also in wide use outside optics acting as
efﬁcient Spindt-type electron emitters [14], for ex-
ample, in the emerging applications of surface con-
duction electron emitter displays (SED) [15].
It is challenging to fabricate metal nanostructures
reproducibly over large areas while maintaining good
structural quality. Individual particles can be made
by focused ion beam (FIB) milling and two-
dimensional particle arrays by electron-beam (e-
beam) induced deposition, but the sample dimensions
are limited by reasonable lithography time to 0.1–1
mm. Both methods have also been used to demon-
strate conical structures with sharp tips (nanocones),
but the processing is slow and quite expensive [16].
Conical shapes can also be prepared by self-assembly
and etching [17] or by nanotransfer printing [18].
These methods do not simultaneously produce truly
sharp features (i.e., a few nanometer tip radii) and al-
low accurate control of the placement of the particles.
Sharp low aspect ratio nanostructures have been pro-
duced by a soft lithography-based approach [19], but
the shape is limited to pyramids because of the crys-
tallographic etching in mold fabrication.
In this Letter, we show that UV-nanoimprint li-
thography (UV-NIL), combined with e-beam evapora-
tion, can overcome the problems of other fabrication
techniques. Our method enables the fabrication of
large arrays of gold nanocones with sharp 10 nm
scale tips, good structural quality, and high reproduc-
ibility. The technique is fast and relatively cheap and
provides accurate control of the particle positions. We
characterize the nanocones by extinction spectros-
copy, which identiﬁes a plasmon resonance along the
cone axis and SHG, which veriﬁes the existence of a
strong local ﬁeld polarized along the cone axis.
We prepared arrays of conical gold nanocones of
130 nm base diameter, organized in a square array
with a cone-to-cone period of 300 nm (Fig. 1). A mas-
ter template with a lattice of cylindrical holes was
ﬁrst prepared by laser-interference lithography (LIL)
(AMO GmbH) on a silicon wafer. The nanopatterns
on the master were copied to a stamp made of poly-
(dimethylsiloxane) (PDMS). A fused-silica wafer used
as a substrate was coated with a 600 nm polymethyl
methacrylate (PMMA) ﬁlm and a germanium inter-
mediate layer, followed by spin coating of a thin
nanoimprint lithography (NIL) resist layer (Amonil,
AMO GmbH). The nanoimprinting was performed by
an EVG 620 mask aligner using a PDMS stamp [Fig.
2(a)]. Reactive ion etching (RIE) was then used to
etch through the lift-off structure to expose the sub-
strate and to form deep cylindrical holes in the resist
Fig. 1. Array of gold nanocones with a period of 300 nm, a
base diameter of 130 nm, and an average cone height of 291
nm on a fused-silica substrate.
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mask [Fig. 2(b)]. The metal layers forming conical
nanostructures were deﬁned by depositing titanium
adhesion (10 nm) and gold (300 nm) layers in an
e-beam evaporator until the holes in the resist mask
were completely ﬁlled with gold [Fig. 2(c)]. Finally,
lift-off was applied in acetone using ultrasonic agita-
tion [Fig. 2(d)].
In traditional lift-off processes the gold patterns
would have vertical sidewalls similar to those of the
mask. Therefore one would expect to grow cylindrical
nanorods, but this did not occur in our case. The
holes in the resist mask were narrow (130 nm diam-
eter) and deep (600 nm), giving them a high aspect
ratio. The structures grew conically because the top
of the hole shrank in diameter during gold evapora-
tion, similar to the process for Spindt-type emitters
[14]. Owing to mutual collisions, the gold atoms ar-
rived at the sample from slightly different directions
during evaporation. Thus, the atoms tended to stick
on the top edge of the hole rather than the bottom
edge of the hole, leading to the preferred deposition
to the center part of the bottom. The end result was
that the particle grew sharper during the deposition
until the hole was completely covered with gold as
shown in Fig. 2(c).
The shape of the gold nanocones was veriﬁed by an
atomic force microscope (AFM) (not shown) and a
ﬁeld-emission scanning electron microscope (FE-
SEM) (Fig. 1). The yield of an unoptimized nanocone
process was approximately 95% on a 4 cm2 area,
which consisted of 4.4109 nanocones. The size of
the patterned area is only limited by the size of the
NIL stamp and could be as large as 150 mm.
The main advantages of our process arise from the
use of NIL. After the initial master pattern is pro-
duced, for example, by expensive electron-beam li-
thography (EBL), it can be replicated hundreds of
times cost effectively. Compared with EBL, our NIL-
based process is superior in time and repeatability.
Moreover, the ﬁnal cone height, together with sharp-
ness, may be accurately controlled contrary to nan-
otransfer printing [18]. Our method is also less dam-
aging than FIB milling. The most damaging process
step for the substrate in our method is the O2 etching
of the PMMA layer in RIE. This is an advantage if
nanocones are to be prepared, for example, over com-
pound semiconductor quantum wells. Furthermore,
FIB is not suitable for large-volume production. The
disadvantage of our method compared with FIB is
that the deposited gold structures are grainy, unlike
features produced by removing material from bulk
metal. However, in many applications the metal
structures will in any case be deposited on a sub-
strate, so our cones will be of similar quality.
To identify the plasmon resonance of the nano-
cones, we measured their extinction spectrum using
a ﬁber-optic spectrometer for wavelengths from 450
to 950 nm. For TE polarization the spectra are fea-
tureless in this range. However, for TM polarization
and at oblique angle of incidence, a strong resonance
is located at 615 nm [Fig. 3(a)]. This result, therefore,
suggests that the resonance is associated with the
longitudinal particle plasmon of the cone, which os-
cillates along the cone axis.
To demonstrate the strong local ﬁelds at the tips of
the cones, we utilized optical SH generation with an
ultrafast pulsed Nd:glass laser (wavelength of 1060
nm, pulse length of 200 fs, repetition rate of 82 MHz).
Note that the fundamental wavelength is nonreso-
nant with the plasmon peak, but the second-
harmonic (SH) wavelength of 530 nm is rather close
to the resonance. The diameter of the focal spot in the
experiment was about 3 m, so there were approxi-
mately 80 nanocones within the spot area. The SH
signal was detected by a photomultiplier tube com-
bined with a single-photon counting system. To
couple the incident beam with the direction of the
cone axis, a polarization component along this direc-
tion is needed. A simple way to do this is to tilt the
sample away from normal incidence. However, this
can lead to two problems. First, because the array is
periodic, a propagating diffraction order appears for
the SH wavelength at a certain angle of incidence.
Second, the incident ﬁeld can also couple to off-
diagonal components of the nonlinear response be-
cause of polarization components in the plane of the
sample, complicating the analysis. These problems
are avoided by using a focused radially polarized fun-
damental beam, which has a strong longitudinal elec-
tric ﬁeld component at the focal plane, while the lat-
eral polarization components cancel each other.
Simulations using the ﬁnite-element method (Com-
sol) show that this situation leads to a strongly en-
hanced ﬁeld [white area in Fig. 3(b)] at the cone tip.
To quantify the enhancement of the SH response
from the nanocones, we had as a reference sample a
Fig. 2. Fabrication principle. (a) The lift-off structure. The
top layer is the NIL patterned resist layer. (b) Etching by
RIE to expose the substrate. (c) Metal evaporation. Arrows
mark the growth direction. (d) After lift-off in acetone.
Fig. 3. (a) Extinction spectra for TM-polarized light at 50°
angle of incidence for nanocones with (solid curve) and
without (dashed curve) sharp tips. (b) A 3D ﬁnite-element
simulation of electric ﬁeld distribution in a gold nanocone
with a 5 nm tip radius of curvature, illuminated from above
by a focused radially polarized beam at 1060 nm wave-
length. The scale is logarithmic and is cropped at 85% for
better visibility.
1980 OPTICS LETTERS / Vol. 34, No. 13 / July 1, 2009
similar array of half-cones with 88 nm height. The
reference thus lacks the sharp tip. Its longitudinal
plasmon is shifted to a slightly shorter wavelength of
525 nm [Fig. 3(a)]. Therefore our reference sample is
actually closer to the two-photon resonance with our
laser than the sample with sharp tips.
Figure 4 presents the SH signals from the two
samples as they were scanned in a transverse direc-
tion in the focal plane. There is a signiﬁcant ﬂuctua-
tion in the SH signal for the sharp nanocones,
whereas the signal from the reference sample is more
uniform. This is signiﬁcant because the measured
signals represent averages over about 200 individual
cones. During the scan nanocones are moving into
and out of the focal area. The SH signal is therefore
very sensitive to the SH response of single nano-
cones. Such sensitivity arises from the fact that the
SH intensity is proportional to the fourth power of
the local fundamental ﬁeld and to the second power
of the local SH ﬁeld. Thus, even small differences in
the features of the individual cones and of their local
ﬁelds can lead to large differences in SH signals. To
quantify the enhancement, we averaged the SH sig-
nals over the whole transverse scan. The SH inten-
sity from the sample with sharp nanocones was en-
hanced by a factor of 150 compared with the half-
cones. Clearly, sharp nanocones are efﬁcient in
producing high local electric ﬁelds.
In conclusion, we have shown that nanoimprint li-
thography enables cost-effective fabrication of large-
area arrays of gold nanocones. Gold evaporation into
deep holes spontaneously forms nanocones with good
reproducibility, uniformity, and sharp tips. We have
also shown, using SHG, that the nanocones enhance
local electric ﬁelds polarized along the cone axis.
Such structures could prove useful in applications
where a large number of regularly spaced sharp nan-
otips are needed, such as plasmonic sensors, nanoe-
mitters, nanofocusing, and metamaterials.
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Abstract
We introduce a novel method for fabricating nanocones of various metals.
Based on a combination of UV-nanoimprint lithography and electron beam
evaporation, the method enables fast, high volume, and reproducible fab-
rication of conical nanostructures on ﬂat substrates. We investigate cone
formation with eight diﬀerent metals and ﬁnd that the shape of the cone
depends on the material characteristics of the deposited metal.
Key words: , nanocone, cones, gold, optical antenna, nanoimprint
lithography, second-harmonic generation, ﬁeld emission
1. Introduction
Metallic nanostructures are under intense investigation for plasmonics [1]
and metamaterials [2]. Nanostructures with sharp features eﬃciently local-
ize electromagnetic ﬁelds, producing very strong local ﬁeld intensities in the
nanoscale through plasmon resonances and geometrical eﬀects (a so-called
lightning rod eﬀect) [3]. Since 1960’s, Spint-type ﬁeld emitters have ex-
∗Corresponding author
Email address: juha.kontio@tut.fi (Juha M. Kontio)
Preprint submitted to Microelectronic Engineering May 15, 2013
ploited sharp conical metal structures for the eﬃcient emission of electrons
[4]. In plasmonics, sharp metallic structures can act as nanoscale antennas
[5]. The localization of electromagnetic ﬁelds is beneﬁcial for many applica-
tions, such as a tip-enhanced near-ﬁeld microscopy [6, 7], sensing [8, 9] and
nano-focusing of light [10]. Moreover, an interesting commercial application
of metal nanotips is SED (surface conduction electron emitter) ﬂat displays
where Spindt-type emitters are used [11]. Nanocones and -tips can also be
used to create superhydrophobic surfaces [12].
Despite decades of work in this area, the fabrication of sharp metallic
nanostructures remains challenging. One of the main problems is achieving
high quality structures. Individual particles can readily be made by focused
ion beam milling (FIB), whereas two-dimensional arrays of particles can be
prepared by electron-beam lithography (EBL), though the sample dimensions
usually remain small, 0.1− 1 mm in size. EBL is not suited for large-volume
fabrication because of long patterning times. FIB and electron-beam induced
deposition have been employed to demonstrate conical structures with sharp
tips (nanocones), but the process is slow and quite expensive [13]. In addi-
tion, conical shapes can be prepared by self-assembly and etching [14] or by
nano-transfer printing [15]. These methods do not produce truly sharp fea-
tures (i.e., a few nanometer tip radii) and they do not simultaneously allow
for an accurate control of the placement of the particles.
In this paper we show that UV-nanoimprint lithography (UV-NIL) com-
bined with e-beam evaporation can be used to fabricate large arrays of
nanocones out of various metals. The method is relatively simple, low-cost,
versatile, and scalable, and it works on ﬂat surfaces. The fabrication prin-
2
Figure 1: An array of gold nanocones on a silicon substrate. The period is 300 nm, the
cone base diameter is 130 nm, and the average height is 257 nm (Ti/Au 20/230 nm).
ciple is similar to what is used for Spindt-type emitters [4] but to the best
of our knowledge such structures have never been demonstrated by means of
UV-NIL.
The paper is organized as follows. We shall ﬁrst describe the the fabrica-
tion method, followed by an analysis of the cone formation process. We then
compare the characteristics of the structures of various metals and conclude
with ideas of possible applications.
2. Fabrication
We fabricated regular arrays of conical metal nanoparticles; i.e.nanocones,
which were 130 nm in base diameter, organized in a square grid with a 300 nm
period from eight diﬀerent metals by UV-NIL.
3
Figure 2: Nanocones of diﬀerent metals. The SEM photos are taken at the same magniﬁ-
cation in order to facilitate the comparison.
4
Figure 3: An SEM image of a sectional view of the structure upon gold evaporation before
lift-oﬀ. The conical shape is formed spontaneously when the holes in the mask shrink
during evaporation (inset). The arrows mark the growth direction of the Au layer.
We used UV-NIL and reactive ion etching to replicate a pattern of cylin-
drical holes into a thick resist layer. The holes had a high aspect ratio, which
is an essential feature here. Then we deposited a metal layer by e-beam
evaporation, until the holes were ﬁlled-up. After lift-oﬀ, instead of having an
array of cylindrical metal nanorods that might be expected, we obtained an
array of nanocones.
A master template having a 2D-lattice of cylindrical holes was prepared
by laser-interference lithography (LIL) on a silicon wafer. The nanopatterns
on this master template were copied to a transparent elastomer stamp made
of poly(dimethylsiloxane) (PDMS). The silicon substrate was spin-coated
5
with a 600 nm layer of polymethyl methacrylate (PMMA) and baked on a
hotplate at 170 ◦C for 90 seconds. This sacriﬁcial PMMA layer was needed
for the successful lift-oﬀ step because of the properties of the NIL resist.
Although the sidewalls of imprinted patterns were vertical, the NIL resist
proved very hard to remove from the substrate by usually used solvents (like
acetone).
Next, a 20 nm thick Ge layer was deposited by electron beam evaporation,
serving as an etch-stop layer for improving the controllability of the etching
steps and preventing intermixing of the UV-NIL and PMMA resist layers.
A thin layer of UV-NIL resist (Amonil from Amo GmbH) was then spun
over the Ge layer. Nanoimprinting was carried out by an EVG 620 mask
aligner using the PMDS stamp. Following imprinting, reactive ion etching
with a CHF3/Ar-based plasma chemistry was utilized to etch through both
the NIL resist and Ge layer, and the PMMA layer was subsequently etched
anisotropically with an O2 plasma, exposing the substrate.
The conical shape of the nanocones was deﬁned through metal deposition
of a titanium adhesion layer (10 nm), followed by the evaporation of the
metal investigated. The adhesion layer was used for each metal studied to
ensure a comparable reference surface. The metals were Ti, Cr, Pt, Ni, Ge
(a metalloid), Au, Ag, and Al. The evaporation rate was constant 2.5 A˚/s,
and the chamber pressure after evaporation of the Ti reference was about
10−8 mbar. During deposition, the pressure was 10−7 mbar for all metals,
except for Ni, for which the pressure was 10−5 mbar. Our e-beam evaporator
chamber was water-cooled during the evaporation and heated during venting
to avoid moisture condensation on the chamber walls. The deposition was
6
continued until the holes in the resist mask were completely ﬁlled with metal.
Finally, a lift-oﬀ process was performed in an acetone bath using ultra-
sonic agitation. After this step we observed an array of metallic nanocones
on the substrate (Fig. 1).
The shape and quality of the nanocones was investigated by an atomic
force microscope (AFM) and a ﬁeld-emission scanning electron microscope
(FE-SEM) (Fig. 2). The yield of the nanocone process was approximately
95% over an area of 4 cm2 which consisted of 4.4× 109 nanocones. The only
limiting factor for the area was the size of the stamp used in the process.
One of the advantages of our process is the easy scalability to larger wafers
simply by adjusting process parameters (mainly in dry etching). Also, the
cone dimensions are scalable, depending only on the pattern size in the NIL
master mould.
3. Formation of nanocones
Since the produced metal pattern in traditional lift-oﬀ processes is iden-
tical to the shape of the mask, one could expect to have an arrays nanorods,
and not nanocones. In our method, the holes in the resist mask were both
narrow (130 nm in diameter) and deep (600 nm), giving rise to a high aspect
ratio. The conical shape of the pattern derived from the shrinkage of the
top of the hole during metal evaporation [16]. Due to mutual collisions, the
metal atoms arrived at the sample from slightly diﬀerent directions. This
eﬀect produced lens-shaped metal particles instead of particles of uniform
thicknesses. However, the metal also covered the edges of the hole, prefer-
ring the top edge and leading to the shrinkage of the top of the hole. The
7
end result was that the deposited particle grew sharper until the hole was
completely covered with metal (see the inset of Fig. 3). If the holes were
deep enough, the tip of the cone would not touch the metal layer covering
the resist, making the lift-oﬀ process possible.
A problem in lift-oﬀ was the damage caused by metal ﬂakes to the cones
in the ultrasonic bath. The ﬂakes were heavy enough to detach the nanocones
as they hit the wafer surface in ultrasonic agitation. This problem was solved
by a tape that is used in wafer dicing. The evaporated metal layer was peeled
oﬀ the top of the lift-oﬀ structure aided by the dicing tape. A N2 blow was
used to attach the tape as gently as possible to the metallized surface. The
tape removed over 90% of the evaporated metal from the nanopatterned
wafer before the ultrasonic bath, and signiﬁcantly improved the overall yield
of the process.
Figure 4: SEM pictures from an etched lift-oﬀ structure in RIE before and after metal-
lization. The surface of the Ge sample is less grainy after evaporation than the Al sample.
The period of the holes is 300 nm.
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Fig. 2 shows SEM images of nanocones fabricated with eight diﬀerent
metals. It is obvious that the height and quality of the cones strongly de-
pended on the material. The dimensions and other details are shown in
Table 1.
Material Evaporated h nm (AFM) h nm (SEM) Aspect ratio Hole status
Ag 1000 446-645 530-603 4.3 Open
Al 350 181-325 251-354 1.9 Open and closed
Au 400 295 281-335 2.4 Open
Cr 300 160 159-172 1.2 Closed
Ge 350 186-190 186-195 1.5 Closed
Ni 300 233 217-239 1.8 Closed
Pt 300 253 243-246 1.9 Closed
Ti 225 111 123-131 0.9 Closed
Table 1: Parameters of nanocones for diﬀerent metals. SEM and AFM were used to deﬁne
the heights. The hole status refers to the hole in the resist mask upon metal evaporation –
an open hole means that depositing additional metal to the cone would have been possible.
The gold nanocones were reasonably high (aspect ratio ≈ 2.4) and their
uniformity was good. The horizontal cross-sections of the cones were circular.
These cones could be useful in plasmonic applications because of their high
conductance at visible frequencies. Another often used metal in plasmonics is
silver which formed the highest nanocones (aspect ratio ≈ 4.3) but the height
uniformity was the poorest of all the materials, due to grain formation which
caused irregular shrinkage of the hole in the mask. This could be clearly seen
after evaporation of Ag when most of the etched holes were still open but
the hole diameter varied substantially. Moreover, silver is soft, and the cones
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bent easily during processing.
Aluminum formed the largest grains during its evaporation, yielding polyg-
onal holes (Fig. 4). Because of this the Al cones were highly non-uniform.
Uniformity was also a problem with chromium but for a diﬀerent reason. Cr
formed small cones (aspect ratio ≈ 1.2) which were circular and symmetric,
but the yield was poor because the Cr layer peeled oﬀ and started to roll up
on top of the resist mask during evaporation. The Cr layer was so strained
after solidiﬁcation that it ripped the intermediate germanium layer oﬀ the
PMMA layer. This could become a serious problem in large arrays of Cr
patterns.
Similarly to Cr, the Ge cones were relatively small (aspect ratio ≈ 1.5)
but the quality and uniformity was the best of all the materials. Ge metalloid
is an interesting material for the infrared spectral range, due to its very high
refractive index. Conical photonic crystals could be realized using our Ge
process. Ge is neither transparent nor metallic in the visible band but could
be coated, for example by Au, to achieve high-quality metallic nanocones.
Nickel also formed good nanocones with reasonable uniformity. The magnetic
properties of Ni, combined with the property of nanocones to localize light,
could be interesting in metamaterial applications.
Platinum formed sharp cones of average height (aspect ratio ≈ 1.9). Plat-
inum could be useful in inert probe tips, an area where titanium cones could
also be used. Ti formed the smallest cones, and being a very strong material
might excel in applications where mechanical durability is an issue. Ti could
also be used to shrink the hole-size during the cone process to form ”hat-like”
cones with an intermediate Ti layer, for example, with Au.
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Figure 5: An Array of Ge nanocones. The height and shape of the cones is the most
uniform for all of the tested metals.
The sharpness of the cone depended on the evaporated material, be-
cause a material with good adhesion to the etched lift-oﬀ structure deﬁnes
a shrinkage-rate of the hole in the mask. The same process also deﬁnes the
ﬁnal height of the cone. If the hole shrank slowly, the resulting cone would
be tall and sharp. Silver produced the tallest cones, with an aspect ratio of
about 4.5 (Table 1).
The uniformity of the cone height was directly proportional to the grain
size of a metal ﬁlm after evaporation. The grain size was characteristic of
every material studied and was the main challenge for our method. Not
only did grainy metals grow into irregularly shaped grainy cones, but also
covered the holes non-uniformly, leading to wide variations in height of the
cones. Aluminum was a prime example of this eﬀect (Fig. 4). The same
problem was also observed for silver, but the circular shape of the cones
was less distorted. However, the high aspect ratio of the Ag cones caused
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Figure 6: Conical nanostructures formed from L-shaped patterns. Cones grow higher at
the corner of L because the line width of the etched hole is wider there so that the hole
shrinks slower during metal evaporation yielding higher structure. The period of these
structures is 400 nm.
considerable non-uniformity in cone heights. With germanium the grains
were very small (Fig. 4) resulting in uniform and symmetric nanocones (Fig.
5). With chromium, the limiting factor for uniformity was the peeling of
the metal layer during evaporation. This could be avoided by determining a
critical thickness of Cr for peeling. In the SEM micrographs (not shown) the
Cr layer was seen to peel oﬀ the Ge intermediate layer from the PMMA. The
adhesion between Ge and PMMA was poor, as expected. The PMMA layer
could be replaced by another, harder material to alleviate this problem.
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4. Discussion
The main advantages of our nanocone fabrication method come from
the use of UV-NIL. Upon producing the initial master pattern, for exam-
ple by expensive EBL, the pattern could be replicated hundreds of times
cost-eﬀectively. Moreover, the cones could be made of diﬀerent metals or a
combination of metals. Using UV-NIL arrays of nanocones can cover wafers
large as 6 inches [17] which are widely used in silicon industry. We also
demonstrated high-quality cones from germanium, a metalloid, which is very
interesting for its high (n > 4) refractive index in the infrared.
With dielectric materials (results not shown) our process did not pro-
duce nanocones, but formed structures that resembled hemispherical dots.
In principle, any material that could be deposited by e-beam evaporation or
other deposition techniques may be used. The ﬁnal cone height and sharp-
ness can be accurately controlled by the evaporation rate and time. It is
possible to fabricate multi-layered cones from any e-beam vaporizable mate-
rial. One application could be metal-insulator-metal (MIM) nanostructures.
Also, nanocones with various height could be prepared at the same time if
the patterned holes had diﬀerent diameters. Large holes will shrink slowly,
resulting in higher cones when compared to the holes with small diameters.
The base of the cone need not to be circular in cross-section - any shape of a
resist groove will grow into a conical structure. For example, consider Fig. 6,
which depicts conical patterns formed from an L-shaped hole covered with
Au. Our method causes less damage to the substrate than does FIB etching
[18]; the most damaging step is an O2 plasma RIE etching step. Plasmonics
beneﬁts from our method because the process is simple, and UV-NIL enables
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Figure 7: A 3D ﬁnite-element simulation of the electric ﬁeld distribution in a gold nanocone
with a 5 nm tip radius of curvature, illuminated from the top by a focused radially polarized
beam at the wavelength of 1060 nm. The electric ﬁeld (in logarithmic scale and cropped
at 85% for better visibility) is strongly lozalized at the tip of the cone.
exact replication of desired nanopatterns in a fast and reproducible way.
A disadvantage of our method compared to FIB is that the deposited
metal structures are always grainy. However, in many applications, metal
structures are deposited directly onto a substrate, so that our cones will be
of a similar quality.
As mentioned above, sharp metallic tips are desired for plasmonics, as
they produce high enhancement of optical ﬁelds in the nanoscale, due to
particle plasmon resonances and the lightning rod eﬀect. Fig 7 shows a
calculated 3D ﬁnite-element simulation of the electric ﬁeld distribution in a
gold nanocone when illuminated from the top by radially polarized light. The
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electric ﬁeld concentrates strongly on the tip. In essence, the cone acts as a
nanoscale antenna. The lighting rod eﬀect enables strong coupling of light to
the nanoparticle. Possible applications for arrays of conical metal structures
include plasmonic sensors, nanoemitters, nanofocusing, and metamaterials.
We have started to investigate optical properties of our samples in greater de-
tail and have already presented results on highly enhanced second-harmonic
generation [19].
5. Conclusion
In conclusion, we have shown that UV-NIL allows for the fabrication of ar-
rays of metal nanocones cost-eﬀectively in large volumes. In most cases metal
evaporation into deep holes spontaneously formed nanocones with good re-
producibility, uniformity and sharp tips, although the shape of the nanocone
depended strongly on the properties of the evaporated metal. The results
suggested that the nanocones could prove useful in applications where a large
number of regularly spaced nanotips are needed.
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We demonstrate a broadband mirror for the IR wavelength region comprising a subwavelength grating made of
germanium. We design and optimize the guided-mode resonances in the structure for TM-polarized incident light
by rigorous electromagnetic simulations. The grating structure is realized by nanoimprint lithography and dry etch-
ing. The reflectivity of the mirror is over 95% for the wavelength range between 2245 and 3080 nm. © 2010 Optical
Society of America
OCIS codes: 050.6624, 310.2790, 130.3060.
Photonics technology is strongly moving into IR wave-
lengths in several rapidly developing application areas,
including spectroscopy, sensors, imaging, telecommuni-
cations, and surveillance [1–3]. IR photonics is one of the
key technologies in developing optical wireless local-
area networks [4]. Common optical IR materials are
Al2O3, BaF2, Si, GaAs, Ge, IR grade quartz, NaCl, MgF2,
ZnSe, and ZnS. Of these, Si, GaAs, and Ge are the
most feasible in terms of modern microelectronic device
processing.
The miniaturization of photonic components requires
integration to other optical devices, such as lasers and
mirrors. For example, subwavelength gratings have been
used as cavity mirrors in vertical cavity light-emitting
diodes. Based on guided-mode resonance (GMR), these
fully dielectric gratings can theoretically reflect all inci-
dent light, thus replacing thick distributed Bragg reflec-
tor mirrors [5,6]. The main idea of a GMR mirror is to
create standing waves in a periodic waveguide layer.
Reflection takes place when an incident wave couples
to waveguide-forming standing waves. These leaky
standing waves interact with the waveguide grating
and reradiate back the incident wave [7]. The main chal-
lenge with pushing the operation regime of GMR mirrors
into the IR range is in finding suitable material systems. A
high refractive-index contrast and low absorbance are
needed to achieve high reflection. Dielectrics do not pos-
sess a high enough index of refraction, nor are they usual-
ly very easily processable. Many dielectrics, such as
calcium fluoride (CaF2), are also fragile. Several semi-
conductors have a high index of refraction in the IR,
but their deposition is not always straightforward, i.e.,
lattice matched III–V semiconductors cannot be epitaxi-
ally grown on top of fused silica or silicon.
In this Letter, we show that germanium is an attractive
material for a broadband IR mirror. It has a very high in-
dex of refraction of ∼4:0 in the IR [8] and a bandgap of
0:66 eV. The absorption of Ge is very small for the wave-
lengths above the bandgap, and the transmission spec-
trum extends from 1.9 to over 17 μm, which is a wider
range than that of silicon (1:06–6:7 μm). We designed
and fabricated a Ge GMR mirror structure and character-
ized it. Bulk Ge is common window material in the IR
region. However, there are only a few reports concerning
Ge as a material for micro/nano-optical components in
the literature. For example, Ge has recently been used to
realize planar photonic crystal structures [9,10]. Previous
reports have also demonstrated broadband reflectors
fabricated out of silicon [11]. However, mainly low re-
fractive index materials have been used to realize GMR
mirrors, resulting in a narrow reflection band.
We designed the grating mirror for TM-polarized light
(E-field is perpendicular to the grating lines) using
two-dimensional (2D) rigorous coupled-wave analysis
(RCWA) [12]. Our RCWA code works in MATLAB, which
allows utilizing efficient optimization tools to automati-
cally find the parameters to fulfill the predefined design
criteria. The operation range of the mirror was designed
to be centered at 2:5 μm, and the Nelder–Mead simplex
search method was used to maximize the average reflec-
tivity over a wavelength region of 1900–3000 nm. All of
the structural parameters, i.e., period, fill factor, and
thickness of the grating, were free in the optimization.
The grating material was amorphous Ge and the
substrate was fused silica. For fabrication reasons, a thin
layer of silicon nitride (SiNx) was placed between the
substrate and the Ge layer in the simulation. Another thin
layer of SiNx was added on top of the grating lines to take
into account the residual etch mask. The refractive index
of SiNx was fixed at 2.0 and the fused silica at 1.44. For
the refractive index of Ge, we used data from NASA [13].
The real part of the refractive index varies from 4.17 to
4.03 for wavelengths between 1500 and 3000 nm, respec-
tively. The imaginary part of the refractive index re-
sponsible for the absorption in Ge was set to zero at
wavelengths over 1750 nm and to 0.03 at 1500 nm in
the simulations.
The optimization process led to a design having a per-
iod of the grating of 1 μm, a thickness of the Ge layer of
550 nm, and a width of the grating groove of 280 nm (fill
factor of 0.72). The effect of the additional SiNx layers on
the reflectivity spectrum was negligible. This design
resulted in the reflectivity of >95% for the wave-
length range between 1850 and 3020 nm. Reflectivities
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approaching 100% could have been achieved by optimiz-
ing for a narrower wavelength range.
It is important to analyze the fabrication tolerances be-
fore processing the samples. From the simulation results
shown in Fig. 1(a), it can be seen that the fill factor can
vary from 0.72 to 0.765 while the reflectance remains
over 90%. Note that if the fill factor decreases more than
0.01 from the optimum then the reflectivity around a
wavelength of 2100 nm starts to reduce rapidly. Similar
simulations were done for the Ge layer thickness [see
Fig. 1(b)]. The reflectivity stays above 90% with Ge thick-
ness of 506–550 nm.
We fabricated a 3 mm × 3 mm Ge GMR mirror with
the parameters obtained from the simulations. A master
template was first prepared by electron beam lithography
on a silicon wafer. The grating pattern on the master was
copied into a nanoimprint lithography (NIL) stamp made
of poly(dimethylsiloxane) (PDMS). A fused silica sub-
strate was then coated with a 10 nm SiNx to improve ad-
hesion of the Ge layer using plasma-enhanced chemical
vapor deposition (PECVD). After this, a 550-nm-thick Ge
layer was deposited by electron beam evaporation. Final-
ly, a 70 nm SiNx layer was deposited by PECVD.
In the next step, 60 nm of NIL resist (mr-UVCur06, Mi-
cro Resist Technology GmbH) was spin coated on the
sample. The nanoimprinting of the grating pattern was
performed with an EVG 620 mask aligner (EV Group
GmbH) using the PDMS stamp. Reactive ion etching with
O2 plasma was then used to etch through the residual
layer of the NIL resist on the bottom of the grating
grooves. A mixture of CHF3=Ar was used to etch through
the SiNx mask layer. Prior to Ge etching, the surface of
the sample was cleaned using O2 plasma to remove pos-
sible residuals left from the Freon etching. The Ge layer
was then etched in inductively coupled plasma using
SiCl4=Cl2=He chemistry. Our etch recipe produced an al-
most vertical etch profile with smooth sidewalls.
After the fabrication process, a thin layer (35 nm) of
residual SiNx remained on top of the grating lines. It was
not removed since, in the simulations, its effect was neg-
ligible. The fabricated sample was finally investigated by
an atomic force microscope and a field emission scan-
ning electron microscope (Fig. 2). For this figure, the
grating was fabricated on Si substrate to achieve a good
cross-section image.
The transmittance of the fabricated sample was mea-
sured with a Perkin Elmer Lambda 1050 UV/VIS/NIR
spectrophotometer. The reflectance was derived from
the transmittance, because it was not possible to mea-
sure the reflectance in direct incidence with the instru-
ment. The beam size was limited by a shutter to the
3 mm × 3 mm grating area of the sample. An IR-range
polarizer was aligned parallel to the grating lines for mea-
surements in TE polarization, and the sample was rotated
90° for measurements of the TM polarization. A silica
wafer without a grating was used as a reference sample.
The absorption of the Ge layer was measured from the
transmission spectrum of the unpatterned sample refer-
encing a plain fused-silica wafer. It was less than 1% in
the designed operating range of the mirror. At the wave-
length of 2335 nm, the reflectance (Fig. 3) is at its maxi-
mum, reaching 98.8%. In the simulations the reflectance
is ideally 99.99% when no absorption has been taken into
account. This minor discrepancy can be explained by the
small undercut in the grating edge profile [Fig. 2(b)]—the
sidewalls in the design were perfectly vertical. We esti-
mated that this undercut decreases the grating effective
linewidth by 25 nm and recalculated the reflectance
spectra based on this. This simple approximation results
in good agreement with the experimental reflectivity
spectrum, as can be seen in Fig. 3. The reduced reflectiv-
ity at the wavelength of ~2100 nm can be explained by a
deviation from the optimum fill factor, as can be seen in
Fig. 1(a). The rest of the measurement closely follows the
spectrum of the optimal design.
Fig. 1. (Color online) Simulation of the reflectance of the GMR mirror design. Period of the grating design is fixed to 1:0 μm. (a)
Effect of changing the fill factor. The thickness of Ge layer is fixed to 550 nm. (b) Effect of Ge film thickness. Fill factor is fixed to
0.72. Dashed lines represent the reflectivity with the optimal operation conditions.
Fig. 2. (a) Ge grating on a fused silica wafer with a 1 μm per-
iod and a 285 nm groove width imaged from above. (b) Cross
section of the Ge grating on a Si reference wafer. The Ge layer is
557 nm thick, and the residual SiNx etch mask layer is 35 nm
thick. The Si wafer was used in a reference sample to enable
good cross-section quality for inspection of the etching profile.
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A slight problem in the transmission measurement is
introduced by the strong characteristic OH-absorption
peak of fused silica at 2:7 μm [14]. Comparing the simu-
lated transmission spectrum with the experimental spec-
trum, it can be clearly identified that the measured peak
at the 2:7 μm is a result of the absorption of the substrate.
This absorption peak is missing in the reflectivity spec-
trum measured from the GMR mirror sample by Fourier
transform spectroscopy (FTIR) but was visible in the
transmission spectrum of the fused silica substrate. Un-
fortunately, comprehensive characterization of the GMR
mirror with reliable referencing was not possible with the
FTIR, because it used a focused measurement beam. In
measuring the reflection in direct incidence, an uncolli-
mated beam resulted in unwanted resonances in the
GMR mirror structure, because a focused beam always
contains components at nonzero incident angles.
One challenge with GMR mirrors has been to find ma-
terials having a higher index of refraction than silicon but
that still are straightforward to process and highly trans-
parent. Ge has a high index of refraction and low losses
in the IR range. This allows the GMR mirrors to be de-
signed for longer wavelengths than previously [11].
The main advantages of Ge are low cost and straightfor-
ward processing. Because of its extremely high index of
refraction, Ge mirrors can also operate as waveguides on
various high-index semiconductors, which is very impor-
tant for integration. In addition, Ge is a metalloid, which
enables the GMR mirror structure to be used as an elec-
trode. This gives versatility for the application designer to
combine the Ge mirror with active components, such as
lasers. GMR mirror design can be extended to a 2D grat-
ing for improved polarization insensitivity [15].
In conclusion, we have shown that Ge can be used to
fabricate a broadband GMR mirror in the IR range for
TM-polarized light. Because of its ease of fabrication, the
mirror can be integrated with any photonic component
with a flat surface. The operating region can be adjusted
by varying the period, Ge layer thickness, and the fill fac-
tor. The substrate material has a strong influence on the
operation bandwidth, but the structure can be reopti-
mized, e.g., for silicon substrates. Ge GMR mirrors may
find applications in vertical cavity lasers and other IR-
range photonic applications.
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Fig. 3. (Color online) Measured (solid curves) and simulated
(dotted curves) reflection spectra of the Ge mirror for TM
and TE polarization. The mirror was designed for TM po-
larization (“SIM TM OPT”). The spectra (“TM” and “TE”)
were derived from transmission measurements with an IR-
spectrophotometer. “SIM TM” and “SIM TE” spectra represent
simulated reflectivities for the measured sample with the real-
ized dimensions.
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Abstract: We present two silver nanocones separated by 450 nm, well
beyond the typical gap spacing of coupled nanoantennas, and connected
by a metal bridge to facilitate plasmonic coupling between them. The
tip-enhanced Raman scattering from crystal violet molecules is found to
be almost an order of magnitude higher from the bridged cones than from
individual cones. This result is supported by local-field calculations of the
two types of structures. The bridged nanocones are easily fabricated by
a nanoimprint-based process, thus offering a faster and simpler approach
compared to other fabrication techniques.
© 2010 Optical Society of America
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1. Introduction
The plasmonics field has progressed in producing ordered systems that enhance the optical
fields applied onto, emitted, and scattered by metal nanostructures [1]. Such structures have the
potential to be integrated in to numerous lab-on-a-chip applications such as high throughput
analyte detection [2]. The work to date has included various forms of nanoantennas that utilize
nanosized gaps between metal structures [3] and metal tips whose apex sizes lie in the range of
tens of nanometers. The latter have been studied extensively for tip-enhanced Raman scattering
(TERS), a specialized form of surface-enhanced Raman scattering (SERS), where strong local
fields at the tip enhance the Raman signal at spatial resolutions on the order of the tip apex
size [4]. An advantage of such tip structures is that they offer field enhancement along the
third dimension, away from the planar surface, which could be useful for certain lab-on-a-chip
and optical trapping applications, for example. Additionally, their position can be accurately
controlled as a movable probe when attached to an atomic force microscope (AFM) [5].
The development of high-quality tips has depended on the choice of metal and patterning
processes. For example, focused ion-beam milling (FIB) and electron-beam lithography (EBL)
have produced nanocones, however, the processes are complicated, slow, and expensive [6].
Various forms of self-assembly and etching techniques [7] have also been employed although
they fail to achieve similar tip sharpness when compared to FIB and EBL techniques. We have
recently demonstrated a fast and robust method for constructing reproducible nanocone struc-
tures by utilizing UV-nanoimprint lithography (UV-NIL) combined with electron-beam evapo-
ration [8].
With the nanocones in hand, previous efforts have attempted, with success, to further im-
prove the field enhancing capability of these structures. For example, single cones made from
silicon based materials were used with a deposited thin layer of metal to facilitate the plasmon
effects [5]. Another successful method attached a single nanocone, constructed by FIB, to a
photonic crystal cavity [6]. The system was constructed to couple the excitation light to the
surface plasmons in the nanocone via surface plasmon polaritons, which led to the observation
of Raman signal from a single chemical monolayer. Although signal enhancements have been
achieved, the processes to construct such devices require multiple steps which can prove to be
costly when a chip of structures is needed.
In this paper, we demonstrate a simple approach to prepare bridged nanocones with sharp tips
that outperform single nanocones in terms of the achievable Raman signal enhancement. Two
silver nanocones are connected by a silver bridge that overcomes the relatively large separation
distance to achieve plasmon coupling between the two cones. The structure is intended to mimic
the planar ”U-shaped” split-ring-resonator (SRR) where plasmon coupling between two arms
is facilitated through a base wire [9,10]. Additionally, the sharp tips at the ends of the arms are
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shown to be favorable for the field enhancement effects.
2. Methods
The method used for the single nanocone fabrication has been studied and reported pre-
viously [8]. Briefly, a master template having a lattice of both cylindrical holes (single
nanocones) and connected hole pairs (bridged nanocones) was first prepared by EBL on a
silicon wafer. The resulting nanopatterns were then copied to a transparent elastomer stamp
made of poly(dimethylsiloxane) (PDMS). A glass substrate with thickness of 180 µm was
spin-coated with 800 nm of polymethyl methacrylate (PMMA) and baked on a hotplate at 170◦
C for 2 min. Next, a 20 nm thick Ge layer was deposited by electron-beam evaporation, serving
as an etch-stop layer for improving the controllability of the etching steps and preventing inter-
mixing of NIL and PMMA resist layers. A thin layer of NIL resist (Amonil from Amo GmbH)
was then spun over the Ge layer followed by nanoimprinting with an EVG 620 mask aligner us-
ing the PMDS stamp. Following imprinting, reactive ion etching with a CHF3/Ar based plasma
chemistry was utilized to etch through the NIL resist and Ge layers. The PMMA layer was
subsequently etched anisotropically with O2 plasma, exposing the substrate. Note that the final
structure does not contain Ge, which could significantly modify the plasmonic properties of the
fabricated structure.
The conical shape of the nanocones was defined through metal deposition of a titanium
adhesion layer (20 nm) followed by evaporation of 1000 nm of silver. In principle, any metal
could be used, however, we choose silver due to its natural resonances around our excitation
wavelength and the ability to obtain high aspect ratios with the material in order to realize
concentrated fields far away from the glass surface. The conical shape is formed spontaneously
when the holes in the mask shrink during the evaporation. The deposition was continued until
the holes in the resist mask were completely filled with metal. The connecting bridge between
the cones also forms spontaneously during the evaporation of the metal and contains small
spikes due to grain formation. This grain formation is also a limiting factor of the overall quality
of the nanocones. A lift-off process was performed in an acetone bath using ultrasonic agitation
resulting in an array of metallic nanocones on the substrate. The quality of the structures was
verified by field-emission scanning electron microscope (FE-SEM) (Fig. 1).
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Fig. 1. FE-SEM images of the single (a) and bridged (b) nanocones structures with draw-
ings depicting their dimensions included (insets). An illustration (c) of the orientation of
the cones in the experimental setup is also given.
Each cone had a base diameter of 150 nm and a height of approximately 1 µm with a final tip
radius of curvature of approximately 5 nm. The array period of the single cones was 1 µm. The
bridged nanocone structures were made up of two cones separated by 450 nm and connected
with the metal bridge in an array of the same periodicity as the single cones. The bridge was
50 nm wide and 330 nm in height. We concluded this to be a safe geometry where the bridge is
short enough such that the cone tips remain active while being large enough to avoid producing
any additional local fields in the bridge itself. As a control, single nanocones with an array
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period of 450 nm were also constructed and tested in order to mimic a pair of cones in the
absence of a bridge.
For the experiments, the cones were immersed in an aqueous solution of crystal violet (CV)
(10−6M) by placing drops of the solution on top of the cones and then enclosing the system
with a second coverslip. The construct was held by a custom made sample holder before being
placed on a microscope stage. The excitation beam (532 nm at 9 mW) was incident normal to
the glass surface with the cones inverted such that the beam passed through the tip before the
base (Fig. 1c). Similar to the SRR, we expect maximum fields to be produced with an excitation
polarization parellel to the bridge, and so, we keep the polarization fixed in this direction for all
experiments. The emission from the cones was collected in the backscattered direction through
the same objective (60× NA = 0.85) that passes the excitation beam. The backscattered light
was passed to a spectroscopic confocal detection system. The acquisition time for all spectra
was 1 s.
3. Raman emission enhancement by nanocone structures
A comparison of the emitted signals from the structures in the presence of CV molecules is
given in Fig. 2. The Raman and fluorescence bands of the CV molecules are clearly observed
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Fig. 2. (color online) a) The emission spectra for the bridged nanocones (1) and single
nanocone (2) in the presence of CV. The background signal (3), obtained by measuring from
a point in the solution away from the cones, is given. b) The resulting Raman bands after
the CV fluorescence background has been removed demonstrating the TERS enhancement
improvement of the bridged nanocones (red) compared to the single nanocone (black).
and at this dye concentration, no Raman signal and a low fluorescence signal above noise was
observed at the same excitation power in the absence of nanocones. The broad emission peak
at 2900 cm−1 (630 nm) is the main fluorescence band of CV and acts as background for the CV
Raman spectrum. The fluorescence background is removed using an established method [11]
in order to further distinguish the Raman bands (Fig. 2b). The three main peaks, at 1200, 1400,
and 1615 cm−1, agree with previous observations of the CV SERS spectrum [12].
The bridge clearly alters the optical properties of the system leading to a 4-fold increase
in the fluorescence output from the single nanocone. The TERS enhancement is even higher:
the three main CV peaks experience an average 8-fold Raman intensity increase relative to
the single nanocone. Finally, the control structures, single nanocones at a period of 450 nm,
produced spectra (data not shown) nearly identical to the single cone, thus further solidifying
the positive effect of the bridge.
4. Local field analysis
The mechanisms for the differing enhancements of the Raman and fluorescence emission will
be discussed later, however, both are a consequence of the local fields produced by the optically
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excited structures. Thus, in order to facilitate the comparison, we conducted simulations to ob-
tain the local electric field amplitude distributions for three structures: single cone, two cones
separated by 450 nm, and the bridged nanocones structure. Due to the large structure height
and similarity of the refractive indices of water and glass, the presence of the substrate and thin
Ti adhesion layer were neglected. The absorption of Ti may, though, cause small decrease and
shift of the resonances as estimated in [13]. We adopted the frequency domain method of mo-
ments (MOM) [14] where a focused beam was used as the input field. The surface mesh of the
nanocone was generated with the free software Gmsh [15]. The input polarization of the beam
was set to be linear and parallel to the plane of the cones and the focusing conditions matched
those of the experiment. The focal field distribution was calculated using vector diffraction
theory.
The results of the field calculations are presented in Fig. 3. The improved performance of
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Fig. 3. Local field amplitude distribution simulations for three structures: single nanocone
(a), two nanocones separated by 450 nm (b), and the bridged nanocones structure (c). The
amplitudes were normalized to the maximum value of the focused beam without the struc-
tures. A 5-fold increase in field amplitude is observed at the tips of the bridged structure
compared to single nanocones.
the bridged nanocones is immediately apparent where a 5-fold increase of the field amplitude
at the tip is calculated compared to the single nanocone. As previously reported [16] there
is no significant field enhancement near the tips with the single and two nanocone systems.
This is due to the fact that a longitudinal field, i.e., a field with a component along the cone
height axis, is needed to concentrate the local field into the tip [16]. The addition of the metal
bridge breaks the symmetry of the single cone, facilitating the necessary coupling of electric
field to the tips without the longitudinal field component. Only a transverse field component
along the bridge is required, making the structure more feasible. Since the 532 nm excitation
wavelength is away from the fundamental surface plasmonic resonances of the structure, the
field enhancement is due to plasmonic resonances of higher-order [9]. The bridged nanocones
structure mimics a metallic SRR that is U-shaped (for example, [9,10]) where the bridge acts as
the base wire and the cones as the two arms of the ”U”. The difference is that our version of the
SRR is a three-dimensional structure with a large height that engineers the fields far away from
the glass surface. Additionally, the cone shape forces higher localized fields at the tips without
creating additional field concentrations at the bridge-cone interface edges, as is the case for
the U-shaped SRR [10], thus optimizing the use of the input excitation while eliminating the
additional non-radiative heating.
4.1. Discussion
The simulation results agree well with the experimental data. Generally for SERS and TERS,
the intensity is proportional to the fourth power of the electric field because the field enhance-
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ment occurs twice in this regime: the incident and scattered fields are equivalently amplified by
the same plasmonic oscillations. Since the experimental TERS intensities are due to the total
TERS signals from the molecules nearby and adsorbed to the cones, the volume integral of
the quartic electric field amplitude over the focal volume should provide a qualitative agree-
ment with the experiments. From the calculation, this value is 5 times greater in the bridged
nanocones structures relative to the single cone, while an 8-fold increase is observed in the
experiment where the average TERS intensity of the three main CV peaks is considered. The
discrepancy can be related to the fact that the TERS intensity dependency on the fourth power
of the electric field only considers the electromagnetic field enhancement. For many SERS sys-
tems, where molecules are also absorbed on to the metal surface, an additional chemical effect,
where charges exchange directly between the molecule and the metal, should also be consid-
ered (for example, [17]). The secondary effect would add to the enhancement of the Raman
signal and was not considered in our calculation. This would explain the existence of TERS
signal from the single nanocone and the disparity between the measured and calculated relative
enhancement factors between the bridged and single cones structures.
The mechanisms for the fluorescence enhancement are different because radiative and non-
radiative processes are involved including some quenching due to the metal [18]. Thus, although
an increase in the fluorescence enhancement is also observed from the bridged nanocones,
connecting the local electric field intensity to a fluorescence enhancement factor is not clear,
even at an estimation level, and is beyond the scope of this study.
Based on our current simulations and previous works, it is apparent that improvements can
be made to the engineering of the bridge and in tailoring the light to be more specific, in regards
to wavelength and polarization, to the structure. For example, the use of higher-order modes for
excitation, such as radial polarization, could better couple the input electric field with the cones
and further concentrate the fields into the tips. The physical parameters of the bridge must also
play a role and could be tailored specifically to an excitation wavelength and the relationship
of its dimensions to those of the cones should also be considered. Nevertheless, the results are
clear: the bridged nanocones structure offers a decisive improvement in Raman enhancement
compared to single cones. As mentioned previously here, there have been a number of attempts
to improve the nanocone performance through additional complicated steps such as utilizing
multi-layers of materials or photonic coupling to other structures. The distinct advantage here
is the lack of additional processing steps in the fabrication method while leading to an improved
performance. The structure remains suitable for lab-on-a-chip applications such as analyte de-
tection or even biological studies such as spectroscopy of cells. This conclusion can also open
doors to more complicated structures where multiple cones are utilized.
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